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The diagnostics of the first wall of future fusion reactors provides a major source of information about the state of
the machine and the expected lifetime of the first wall components. As the absorption of neutrons can cause
induced radioactivity of the first wall tiles and produce significant structural changes to material, it is of the
essence to monitor the amount of absorbed neutrons. One possibility to monitor them is via nuclear trans-
mutation reaction where tungsten absorbs neutron and creates rhenium core. Therefore by assessing the amount
of rhenium present in the material, information about neutron irradiation conditions can be deduced. Hence in
this work, in order to assess the concentration of rhenium, Laser Induced Breakdown Spectroscopy (LIBS)
combined with Fast Pulse Discharge (FPD) was used. The main achievement of this work is the amplification of
line intensity and signal to noise ratio compared to the classical LIBS setup at reduced pressure which enables
detection of Re in samples with less than 0.1% at of Re. With synergistic use of LIBS and FPD, ie. Laser Induced
Fast Pulse Discharge (LIFPD), significantly enhanced Limit Of Detection (LOD) is obtained compared to the
previously reported results. This result is of particular importance since only small amounts of rhenium are
expected to be found in the first wall tiles, therefore making this approach suitable for this type of diagnostics.

1. Introduction

The advancement of nuclear fusion technology presents the prospect
of a sustainable energy source, but it also imposes significant challenges
regarding materials science and engineering. The first wall of fusion
reactors, which directly absorbs neutron radiation arising from fusion
reactions, plays a critical role in ensuring the reactor’s structural
integrity and operational efficiency. Tungsten is a leading candidate for
future fusion reactors due to its high melting temperature (3422 °C), low
sputter yield and high thermal conductivity (~170 W/m/K at room
temperature), and low tritium retention [1,2].

Research on tungsten materials, particularly in the context of nuclear
fusion, has surged, largely driven by the ITER project, leading to an
increase in publications about tungsten’s interactions with irradiation
and plasma. Extensive studies have been conducted on neutron
irradiation-induced defect formation and recovery in tungsten, offering
well-characterized data crucial for understanding its properties [3].

While tungsten shows considerable potential as an armor and blan-
ket material, it is predicted to undergo substantial transmutation under
fusion neutron irradiation [4-6]. According to [7], W in the first wall
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substantially transmutes to Re followed by Os for the water cooled
blanket. Noda et al. show a small reduction in W content is seen in the W
armor as neutron fluence increases, while concentrations of Re, Ta and
Os rise with fluence. In the transmutation processes induced by neutron
irradiation, approximately 4% of W transmutes to Re for the W armor of
all blankets, irrelevant of the blanket composition, after 10 MWy/ m>
irradiation. At contrast, there is significant transmutation of W at the
first wall position. Rhenium concentration surpasses that of tungsten at
approximately 30 MWy/m?, as illustrated in [7].

This transformation not only alters the material properties but also
impacts the reactor’s performance and safety. Precise measurement of
Re concentrations is essential to understand the extent of transmutation,
which influences the alloying behavior of tungsten and its capacity to
maintain structural integrity under extreme conditions. Furthermore,
the induced radioactivity associated with rhenium isotopes, particularly
186Re, necessitates accurate quantification to assess potential safety
concerns related to long-term radioactivity in reactor components.
Consequently, comprehensive knowledge of Re concentrations in tung-
sten facilitates enhanced material optimization and ensures the reli-
ability of fusion reactors in both operational and safety contexts [7].
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In addition to rhenium being a product of tungsten transmutation
after heavy neutron irradiation, the tungsten-rhenium (W-Re) alloy is
very important. Adding rhenium can improve some of the drawbacks of
pure tungsten, such as its low ductility at room temperature and low
recrystallization temperature, leading to better overall performance as
structural material in fusion reactors [8]. With idea of W-Re alloy being
PFM, experiments on deuterium permeation and retention were con-
ducted in Bo-Yu Wu et al. [9] using tungsten-rhenium samples with 3%
and 25% rhenium to analyze how rhenium affects hydrogen isotope
transport in tungsten. The results indicate that adding rhenium increases
the D diffusion coefficient but decreases D permeability, with the
diffusion coefficients for both W-3 % Re and W-25 % Re being similar,
while permeability declines as Re content increases. Therefore, the
detection of Re in W is important as W-Re alloy might be used as plasma
facing material whose properties are largely influenced by the per-
centage of Re present in the material. This, on the other hand, can be
closely correlated with the neutron irradiation conditions, see e.g. [10]
where calculated Re contents for different neutron fluences assigned to
different DPA (displacement per atom) levels are given in tabular form.
Graph of predicted Re concentration under fusion DPA conditions based
on the fission reactor irradiation data on pure W and W-Re alloys can be
found in [11].

Detecting small percentages of rhenium in tungsten is critical for
several reasons relevant to fusion reactor materials. The addition of just
5% rhenium can reduce thermal conductivity and diffusivity to half that
of pure tungsten [8,12]. Furthermore, a drift in the temperature reading
of a W-Re thermocouple will occur due to precipitation and composi-
tional changes during irradiation [13]. Therefore, it is important to
study the effects of compositional changes due to transmutation on the
physical properties of W upon neutron irradiation, which is usually done
through complex calculations and numerical simulations [14,15], while
experimentally the information about the degree of transmutation could
be assessed through accurate and sensitive determination of Re per-
centage in material. In [10] measurement on solid transmutations with
glow discharge optical emission spectroscopy system equipped with
dual interferometry system showed an excellent agreement with the
results of numerical calculations. On the other hand, the authors state
that the GD-OES data collection lasted at least 5 minutes, and they could
not be performed in situ, or real time.

Laser Induced Breakdown Spectroscopy (LIBS) technique can pro-
vide a fast and reliable estimation of element content in the first wall of
fusion reactor. It was already applied in a range of different studies
related to the estimation of retained fuel in the first wall and for depth
profile analysis of plasma facing components (PFCs) materials or thin
film coatings relevant for PFC materials. Maddaluno and collaborators
used single pulse LIBS (SP — LIBS) [16], while Colao et al [17] used
double pulse LIBS (DP - LIBS) together with Calibration Free LIBS (CF —
LIBS) procedure for quantitative assessment of retained fuel. Paris et al
[18] studied the fuel retention in different W coatings using SP — LIBS
and Nuclear Reaction Analysis (NRA). Bhat et al [19] studied depth
profiles of Be coated samples with different percentages of deuterium
and seeding gases using SP — LIBS in combination with CF — LIBS to
evaluate the impact on fuel retention. Depth profiling using LIBS was
also exploited by Feng et al [20], where they estimated lithium pene-
tration depth in EryOs3 coatings and its depth concentration by CF — LIBS.
The corrosion resistance of EryOs coating was determined by Li et al
[21] using standard LIBS calibration curve technique. Wu et al [22]
applied picosecond SP - LIBS in vacuum environment to study the depth
distribution of boron in tungsten. Also, Hu et al [23] performed the
quantitative analysis with CF — LIBS of deposited impurities on PFCs
using a custom developed hand-held portable LIBS device. Van der
Meiden et al. [24] demonstrated LIBS as a reliable method for in-situ
monitoring of tritium retention and impurity deposition on tungsten
plasma-facing components in fusion devices, providing quantitative
depth-resolved analysis with high sensitivity. In particular, picosecond
LIBS (ps-LIBS) has shown significant advantages for highly
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depth-resolved characterization of tungsten PFCs, achieving minimal
thermal effects and an ablation rate below 40 nm per pulse, making it
well-suited for diagnostic applications [25].

The lowest detection limit regarding Re detection by LIBS, that the
authors are aware of, is reported by Ibano et al [26], who used a CF-LIBS
to assess the concentration of Re in W-Re alloy. The authors state that
relatively weak signal of Re I at 488.9 nm is observed at the right
shoulder of a W-I line at 488.7 nm. In theirs experiment a line of Ar I is
also present at 488.9 nm and according to the authors its influence on
the line of Re cannot be ignored in cases of Re concentrations lower than
0.5 at.%. The authors confirm that the CF-LIBS results align closely with
the nominal manufacturer concentration down to 0.5 at.%. However,
after 12 years of full DT operation, the tungsten wall in ITER is expected
to produce only about 0.18 at.% of Re [27]. Therefore, developing a
more sensitive method based on the LIBS in the non-argon atmosphere is
essential.

In this work, we investigate the potential enhancement of LIBS
sensitivity through its integration with Fast Pulse Discharge (FPD) in a
helium atmosphere, termed Laser Induced Fast Pulse Discharge (LIFPD).
This approach is anticipated to significantly amplify the resultant
spectral signals [28], thereby improving the limit of detection (LOD) for
rhenium in predominantly tungsten targets, which is important for
assessing absorbed neutron doses and consequent structural changes
both in the pure and Re-alloyed tungsten.

In the following Section 2, we discuss the experimental setup of the
LIFPD method. Main results of this work are presented and discussed in
Section 3 which is organised as follows: Section 3.1 gives thorough
description of the optimisation procedure to achieve highest analytical
signal, while the achieved signal amplification with the proposed LIFPD
setup is discussed in the Section 3.2. Procedure for detection limit
determination of trace Re in W is presented in Section 3.3. Finally, our
findings are summarized in Section 4 Conclusion. .

2. Experimental setup

The experimental setup of proposed LIFPD method is shown in the
Fig. 1.

Laser beam (Nd:YAG Quantel 450, A = 532 nm, pulse duration 6 ns, E
= 50 mJ, 1 Hz) was focused via lens (f = 12.5 cm) onto the target that
was placed inside the vacuum chamber. Target was rotated to expose the
fresh surface on the target for each measurement. After the laser shot,
laser induced plasma enters central part of the cross shaped vacuum
vessel, where two electrodes were placed and connected to the capacitor
battery (C = 330 nF). The experiment was optimized in a way that the
laser produced plasma triggers the fast pulsed discharge, meaning that
the HV level was careffully adjusted to be close to the breakdown
voltage in order that the plasma can ignite the discharge. Targets
investigated were 95 % W with 5% of Re, 90 % W with 10% of Re and 75
% W with 25% of Re. Thickness of the targets was measured to be 0.6
mm. Light emitted from LIBS plasma, as well as from the fast pulsed
discharge, was collected with the collimator and guided through the
fiber cable onto the entrance slit of the SOLinstruments MS7504i spec-
trometer equipped with Andor iStar ICCD camera (model DH734 — 18F —
63, 1024x1024 pixels, 18 mm sensor size). Camera was triggered and
gated with the external digital delay generator (DDG) unit (Stanford
Research SRS535), which on the other hand was triggered with signal
from photodiode that monitors the LIBS plasma. HV was measured with
high voltage probe that was attached to the Tektronix TDS2024C digital
storage oscilloscope. Current intensity in pulsed arc was measured with
Rogowski coil mounted around the current supply cable. The experi-
ment was performed under controlled atmosphere of He gas, with the
pressure adjusted in the range from 3 mbar up to 25 mbar. Each spec-
trum is obtained as accumulation over 10 laser pulses.
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Fig. 1. Experimental setup with interaction chamber for proposed integrated LIFPD. High voltage electrodes are positioned orthogonally to the laser beam prop-
agation direction and charged to the level that fast discharge is formed after laser pulse interaction with the sample.

3. Results and discussion
3.1. Optimization of the experiment

Experimental parameters that were optimized are working pressure
inside the discharge tube, discharge voltage, the delay time and gate
width of spectra recording with respect to the laser pulse. The optimi-
sation is performed on the target sample consisting of 5 % of Re and 95
% of W.

The influence of ambient gas on the measurements was also carefully
evaluated. While argon is noted for its effective performance as an
infusing gas in LIBS [26,29], in the case of Rhenium detection it also
imposes certain problems due to the spectral lines of Ar overlap the Re
lines of interest. Our findings suggest that clear differentiation of the Re I
line from tungsten can be obtained in He atmosphere under the opti-
mized conditions within our LIFPD setup, thus avoiding any potential
spectral overlaps, which led to the choice of helium as a background gas
instead of argon.

For pressures of Helium gas lower than 10 mbar, the temporal
reproducibility of the discharge current with respect to the laser pulse
was worse than 5 ps, meaning that the appearence of LIFPD plasma was
not temporaly reproducible, implying that the experiment must be done
at greater pressures. For pressures above 10 mbar, temporal reproduc-
ibility was 2 ps which is acceptable for the application of interest in this
paper. In other words, plasma generated by the additional discharge
appears with a delay relative to the laser impulse, with a reproducibility
of approximately 2 ps.

The pressure dependence of line intensities belonging to target ma-
terial is shown in Fig. 2, in the pressure range of 11 mbar to 25 mbar. As
can be seen, higher pressure values were preferred to ensure the increase
in the intensity of the spectral lines, as well as for temporal reproduc-
ibility of the LIFPD. However, pressures exceeding 24 mbar were
excluded due to instability in the discharge, which did not occur
consistently following each laser pulse, possibly due to the irregular
supply of target material particles which propagate at slower speed at
increased pressure and experience higher number of collisions moving
them out of the LIFPD interaction zone. Consequently, all subsequent
measurements were conducted in an atmosphere of 24 mbar of helium,
which ensures highest signal enhancement with stable and reproducible
LIFPD event.

It is noteworthy that the fast pulse discharge plasma emerges after
the LIBS plasma, allowing to assess separately the effects of this

Hﬁ —— 11 mbar
——— 16 mbar
100000 20 mbar
W1 —— 24 mbar
£ 75000
2
=
]
g
P
>
'g 50000
o)
&
25000

Wavelength (nm)

Fig. 2. Pressure optimisation for LIFPD plasma.

additional discharge. This sequence of events was assured with the
proper combination of discharge voltage and gas pressure. It is
concluded that the voltage of 420 V in combination with the pressure of
24 mbar leads to appearance of LIFPD plasma 7 ps after the ending of
LIBS plasma. Spectra recorded from LIBS plasma for different delay time
and gate width are represented in Fig. 3. From Fig. 3 it can be concluded
that the LIBS plasma does not persist longer than 20 ps.

In the present study, the main task was to achieve a stable and
reproducible FPD event triggered by the LIBS plasma. All working pa-
rameters, including laser energy, spot size, pressure etc were adjusted in
that respect. The critical parameter to achieve this reproducibility was
laser fluence achieved on the target in combination with suitable
working pressure. Namely, laser fluence needed to be sufficiently high to
ablate enough sample material to induce LIFPD event and create strong
spectral emission of the elements of interest, but on the other hand
sufficiently low to avoid explosive boiling of tungsten. Considering
previous works regarding tungsten irradiation with Nd:YAG lasers [30,
31], to achieve this with the fixed laser energy of 50 mJ used here, the
optimal spot size was determined to be 1 mm. The ablation rate was not
studied since the target was constantly rotated, potentially creating
overlapping spots which may hamper accurate profilometry
measurements.
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Fig. 3. Typical LIBS spectra obtained from different stages of plasma temporal
evolution. Respective delays and gate widths are shown in the figure.

For the LIFPD plasma signal recordings, two options were consid-
ered: the first one was to trigger the camera at the maximum of the
current signal, and the second is to trigger the camera 2 ps before the
current signal. As the illustration of triggering scheme, oscilloscope
signals are shown in Fig. 4.

The signal enhancement for lines of Re in the case of triggering on the
current maximum is almost negligible. When the camera is triggered 2
microseconds before the current signal (Fig 4), the amplification of the
signal in the resultant spectra (Fig 5) is almost 5 times for the tungsten
line and almost 10 times for the Re I 488.91 nm line compared to the
LIBS signal Based on these significant analytical signal enhancements,
this gating scheme was adopted as optimal and used in all subsequent
measurements. Two current maximums are appearing (see Fig 4)
because the pulsed plasma source is not critically damped, i.e. plasma
impendance and external circuit impendance are not matched.

After the selection of the pressure, voltage, and the delay time, the
gate width was adjusted accordingly. The gate width for the recording of
FPD was set to compensate the temporal irregularity of FPD plasma
appearance by + 2us. The gate width was therefore chosen as the
duration of LIFPD current signal plus additional 4 ps. For that reason the
gate width was set to be 23 ps. Temporal evolution of LIBS and LIFPD
plasma is presented in Fig. 5.

To summarize the optimization process, it was determined that the
optimal gas for the experiment is helium, with a pressure of 24 mbar.
Optimal voltage is 420 V. At this pressure and voltage, the ideal
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Fig. 4. Triggering and gating of the iCCD camera.
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Fig. 5. Temporal evolution of LIBS and LIFPD.

triggering scheme involves initiating camera recording 2 ps prior to the
current signal. The gate width is configured to match the duration of the
current pulse, with an additional 4 microseconds added to accommodate
the temporal irregularities associated with the discharge plasma’s
appearance, leading to gate width of 23 ps.

Electron temperature in LIFPD was estimated from the ratio of in-
tensities of W1484.381 nm and W I 488.689 nm lines, using the formula:

L _ @A
L Ak

Measured relative intensity ratio corresponds to the excitation tem-
perature of 12 000 K. Having this estimation in mind, we determined of
electron density. For this purpose, the hydrogen Hy line was used. As a
first step, the FWHM was measured to be 0.133 nm. Instrumental width
was measured to be 0.025 nm and from Doppler broadening was
determined from the formula:

T
AL =7.16 x 10’7-/10-\/1%7

to be 0.036 nm. The deconvolution formula [32,33] was used to deter-
mine the Stark component from the total FWHM:
1/1.4
Wy = (w;“ - w}{,‘)
When calculated, Stark width is estimated to be 0.11 nm. Finally,
using the formula [32,34]:

logN, = 22.578 + 1.478 x logw, — 0.144 x (logw;)* — 0.1265 x logT,

The electron density was estimated to be 3.2x10'* ecm ™. Since the
electron density is estimated to be 3.2x10'* cm™, Stark broadening of
the spectral lines is negligible. Furthermore, as this work was performed
at low pressures, van der Waals broadening is also negligible.

3.2. Comparison of analytical capabilities of LIBS vs LIFPD

The main objective of this work was to obtain signal amplification
with application of LIFPD compared to conventional LIBS. This pre-
dicted line intensity amplification is reasonable assumption since LIFPD
is much stronger spectral light source than LIBS plasma.

The achieved results regarding signal amplification are shown in the
Fig. 6. Optimal camera delay to capture the LIFPD signal with the best
intensity is 23 ps after LIBS plasma, where the highest SNR was ach-
ieved. This SNR is three times higher than the one obtained with the
pure LIBS, while the line intensity itself is almost 5 times increased. This
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Fig. 6. SBR (Signal to Background Ratio) and SNR (Signal to Noise Ratio) for
LIBS and LIFPD plasma as a function of camera delay. The trigger of the camera
set 2 s before the current pulse is regarded as 0 ps.

result bears significat importance for the analysis of the first wall of
fusion reactors in terms of absorbed neutrons, since predicted concen-
trations of material of interest, i.e. Re, are expected to be quite low.

The possibility of target ablation via the discharge and its subsequent
influence on the intensity of rhenium lines in the spectrum was also
examined, as illustrated in the Fig. 7. The discharge was operated in
pulsed mode, employing a sequence of 10 accumulated pulses, with the
voltage set at 600 V to facilitate a pulsed discharge without the
requirement for laser initiation. In the absence of the initial LIBS plasma,
no spectral lines from the target material were detected in the pure FPD
spectrum; the dominant feature observed was the Hy line. However,
upon activation of the laser, well-resolved lines corresponding to the
target material emerged, exhibiting significantly stronger intensities
compared to the pure LIBS signal. This indicates that the primary source
of material in the discharge is laser ablation, with contributions from
sputtering and ablation due to FPD being negligible in this context. In
the absence of the initial LIBS plasma, no spectral lines from the target
material were detected in the pure FPD spectrum; instead, the dominant
feature was the Hp line. This Hy line appears as an impurity since
hydrogen is absent from both the working gas and the target material. Its
presence is attributed to traces of water vapor on the walls of the
discharge tube. Notably, the LIBS plasma, due to its significantly smaller
size, does not induce moisture evaporation from the tube walls between
the electrodes, thereby there are no hydrogen lines in the spectra.

8 H, ——LIBS
] —— LIFPD
7 ——FPD
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~54
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)
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w
=
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=
E
2_
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14 wi |lwi
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482 483 484 485 486 487 488 489 490
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Fig. 7. LIBS, LIFPD and FPD spectra compared.
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3.3. Detection threshold of trace Re in W

In this section, we present the calculation of the detection limit
(LOD) as the smallest quantity of analyte that can be confidently iden-
tified in a sample, along with the quantification limit (LOQ), defined as
the smallest quantity that can be reliably quantified, both with the
proposed LIFPD approach and standard LIBS setup. The calculations
were performed using the formulas: LOD =3 x 6 /Sand LOQ =10 x 6 /
S, where S represents the slope of the calibration curve and ¢ denotes the
standard deviation of the spectral recordings.

The spectra were recorded using the LIFPD setup described in the
experimental section, with an optimized set of parameters: pulse energy
of 50 mJ, a spot diameter of 1 mm, 10 accumulations per recording, and
a gain of 100. The delay time was set to 23 ps, accompanied by a gate
time width of 23 ps.

Integral intensities of the Re I lines were determined by approxi-
mating them with Lorentzian functions, which is appropriate given the
negligible contribution of Doppler broadening at temperatures around
10,000. Specifically, the Doppler broadening was calculated to be 1.54
pm for Re I at 488.91 nm and 1.5 pm for W I at 488.69 nm. The Lor-
entzian profile effectively captures the predominant collisional and
natural broadening in this temperature range. The selected line is well-
suited for the range of Re concentrations considered in this study.

To evaluate the minimum measurable concentration of rhenium (Re)
in relation to experimental error, we employed the Re I line at 488.9 nm
recorded from three samples with known concentrations, Fig. 8.

The intensity of this spectral line was plotted against the known
concentration of Re to generate a calibration curve, as depicted in Fig. 9.
The standard deviation was determined as the average of eight mea-
surements from a target mixture composed of 95% tungsten (W) and 5%
rhenium (Re), yielding a value of 308.34.

A linear relationship was established between the intensities of the
Re I line at 488.91 nm and the Re concentration, as illustrated in Fig. 9.
This finding indicates that the intensity ratio can serve as a reliable in-
dicator of Re concentration in the analyzed samples. The calibration
curve’s prediction error, calculated as the Root Mean Square Error
(RMSE), was found to be 11,354, with a normalized RMSE value of
5.68%. These results demonstrate the robustness of the calibration curve
and its potential for accurately quantifying Re concentrations in various
applications.

The calculated values for LOD and LOQ were found to be 0.068%
(680 ppm or 0.067% at.) and 0.23% (or 2300 ppm or 0.227% at.),
respectively. These results represent a significant improvement over
previous reports, which indicated a detection limit of approximately 0.5
at.% [21]. This enhancement in sensitivity is crucial for applications
requiring precise quantification of trace amounts of rhenium, potentially

25% Re, 75% W
10% Re, 90% W
5% Re, 95% W

400000

W 1488.69 nm

Re I 488.91 nm

200000 —

Intensity (a.u.)

W1 488.84 nm
‘W 1489.03 nm

T T T T T T T
488.6 488.8 489.0 489.2
Wavelength (nm)

Fig. 8. W1 and Re lines recorded from LIFPD from three samples with known
concentrations.
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Fig. 9. Calibration curve for determination of LOD for Rhenium in LIFPD.

expanding its applicability in various fields such as materials science and
analytical chemistry.

The spectra were also recorded using the standard LIBS setup, with
an optimized set of parameters: pulse energy of 50 mJ, a spot diameter of
1 mm, 10 accumulations per recording, and a gain of 150. The delay
time was set to 1 ps, accompanied by a gate time width of 15 ps.

This is done in order to compare the two methods. For LIBS analysis
the standard deviation was calculated to be 260, and the Slope of cali-
bration curve was 0.3701, leading to the value of LOD of 2106 ppm or
0.21%, which is again fairly good result. However, it must be noted that
the quality of the fiting is not nearly as god as is in the case of the results
obtained with the LIFPD setup. The possible reason is that for the
standard LIBS setup, spectra obtained with only 10 accumulations are
usually not god enough in terms of reproducibility due to the changes in
the amount of ablated material per shot, plasma target shielding for
subsequent pulses, more pronounced background in the spectra etc. In
addition, the calibration curve in the Fig. 10 is not passing through the
coordinate origin as it should, so this additionaly speaks in the favour of
better reproducibilty and higher accuracy of concentration determina-
tion wiht the LIFPD approach.

4. Conclusion

This investigation successfully demonstrates the feasibility of utiliz-
ing Laser Induced Breakdown Spectroscopy (LIBS) in conjunction with
Fast Pulse Discharge (FPD) to detect low concentrations of rhenium in
tungsten samples. Our findings reveal that the proposed method
significantly amplifies the spectral signal, achieving a threefold increase
in the signal-to-noise ratio and nearly five times greater intensity
compared to the conventional LIBS techniques. This amplification is
particularly crucial given the anticipated low levels of rhenium resulting
from neutron transmutation reactions within the first wall of fusion
reactors.

Our experimental approach involved analysis of various tungsten-
rhenium alloy specimens, leading to a threshold detection limit of
0.067 at. %. This marks a substantial improvement over previous
studies, which reported a detection limit of approximately 0.5 at.% [26].

Our findings indicate that the optimized conditions within our FPD-
enhanced LIBS setup enable clear differentiation of the Re I line from
tungsten in Helium, thus circumventing potential spectral overlaps
caused by the ambient gas.

The LIFPD approach outlined in this research holds promise for
enhanced diagnostics of fusion reactor components, allowing for precise
monitoring of absorbed neutron levels through the quantification of
rhenium. It provides a valuable tool for assessing the integrity and
longevity of structural materials in fusion reactors under operational
conditions. Future studies should aim to further refine this methodology
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and explore its application in real-time monitoring environments,
thereby contributing to the development of safer and more efficient
fusion energy systems. This approach is suitable for post-mortem anal-
ysis (between experimental campaigns); however, the authors are
currently working on a measuring device that will enable the application
of this method for real-time in situ measurements (withouth demounting
the components in tokamak).

Additionally, the results of this paper have shown that a standard
LIBS setup based on Nd:YAG laser can be successfully applied to quan-
titative analysis of W/Re composition materials relevant to fusion
technology.

Further investigations will focus on optimizing the measurement
conditions and exploring the applicability of this method to other ana-
lytes, thereby broadening the scope of this analytical technique.
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Utilizing Laser-Induced Breakdown Spectroscopy (LIBS) for detecting deuterium and tritium retention in fusion
devices poses a significant challenge due to the experimental limitations in resolving hydrogen isotope Balmer
alpha lines (Hy, Dy, and T,). This study utilizes the Rayleigh criterion to distinguish T, and D lines by deter-
mining the maximum line widths and corresponding plasma parameters. Experimental validation was performed
through LIBS analysis of heavy water-doped graphite/silica gel targets in both argon and helium atmospheres to
assess the predicted plasma parameters and line profile shapes. The optimization of laser pulse energy, gas
pressure, delay, and gate times aimed at achieving fully resolved lines based on the intensity, width, and the dip
between deuterium and hydrogen Balmer alpha lines. By fine-tuning these experimental parameters, the study
successfully achieved a dip of less than 10 % between the Hy and D, lines with a satisfactory signal-to-noise ratio,
demonstrating the feasibility of fully resolving the T, and D, lines. These findings underscore the potential of

LIBS in enhancing the detection of deuterium and tritium retention in fusion devices.

1. Introduction

Resolving the challenges surrounding energy production stands at
the forefront of modern science and technology. Nuclear fusion is a clean
and sustainable energy production that holds the promise of addressing
global energy demands. A fusion reactor uses deuterium (D) and tritium
(T) as fuels to produce inert gas helium, high-speed neutrons, and vast
amounts of energy without producing long-lived radioactive waste.
Despite its immense potential, the complexity and costliness of fusion
reactors necessitate collaborative efforts on an international scale,
exemplified by the joint endeavor to construct the International Ther-
monuclear Experimental Reactor (ITER) among participating nations
such as the EU, USA, Japan, Russia, China, India, and South Korea [1].

The development and maintenance of nuclear fusion reactors are
vital to sustain the promise of clean and efficient energy production.
Amidst the complex operational challenges faced by fusion reactors,
attention must be given to the impact on plasma-facing components
(PFCs), exposed to various stresses, requiring meticulous material
composition monitoring and particularly critical hydrogen isotope
retention studies. In a nuclear fusion reactor, PFC faces intense plasma
radiation, thermal loads, and neutron fluxes, leading to structural

* Corresponding author.
E-mail address: ivke@ipb.ac.rs (M. Ivkovic).
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material damage. Thermal loads may cause re-crystallization, cracks,
melting, and dust formation. Plasma exposure leads to sputtering,
hydrogen isotope retention, and helium-induced morphology changes.
Potential defects and transmutations may appear under neutron action.
Because of this, in-situ real-time material analysis is essential to prevent
an unexpected failure. Monitoring hydrogen isotope retention in PFCs is
particularly important as it may affect fuel efficiency, plasma density,
and the density of neutral hydrogen in the plasma boundary, essential
for the safe operation of nuclear fusion installations [2]. Consequently,
hydrogen isotope retention studies play a key role in PFC diagnostics
[2-6].

Numerous research papers focus on various methodologies for PFC
characterization [7,8]. Two currently significant techniques for the ex-
situ characterization of fusion-relevant materials are accelerator-based
Ion Beam Analysis (IBA) and Thermal Desorption Spectroscopy (TDS)
[3,9-13]. IBA encompasses setups like Nuclear Reaction Analysis (NRA)
and Elastic Recoil Detection Analysis (ERDA) crucial for quantifying
light isotopes due to their sensitivity and selectivity. Additionally, TDS
offers insights by analyzing demounted (from the reactor) material
samples using a quadrupole mass spectrometer with an enclosed ion
source to evaluate hydrogen isotope desorption behavior. However, TDS
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cannot provide information on the depth distribution of fuel concen-
trations. Radiofrequency Glow Discharge Spectrometry (RF-GDOES)
proves effective for depth profiling of PFCs, as demonstrated in studies
such as the analysis of deuterium in tungsten [2].

Laser Induced Breakdown Spectroscopy holds a prominent position
among techniques applied for PFCs analysis within fusion devices. Its
analytical capabilities have been extensively documented in many books
and review articles [14-20]. LIBS is a minimally invasive non-contact
technique suitable for multi-element analysis, including depth
profiling, without requiring sample preparation. The technique is
adaptable for vacuum or low-pressure gas environments and excels in
remote in situ analysis. Notably, LIBS allows for on-site analysis without
the need to dismantle or cut samples from the reactor, reducing costs
and eliminating issues related to PFC replacement due to structural non-
uniformity. Moreover, LIBS offers versatility in analyzing various
reactor components beyond those that are easily disassembled. Review
articles [21-23] provide an overview of the current state of LIBS
development for fusion applications. Various LIBS systems were used for
diverse characterization objectives, such as identifying elemental
composition, depth profiling, deposited layer thickness, or spatial
analysis. The efficiency of LIBS as a remote online diagnostics tool was
demonstrated by analyzing multilayer structures, simulating the surface
of a PFC covered with deposited impurity layers [24]. Specifically
tailored LIBS configurations optimized for vacuum operation showcased
promising results, including a compact system integrated onto the ro-
botic arm of the Frascati Tokamak Upgrade (FTU) for ITER-relevant
sample analysis [25], demonstrating improved spectral resolution in
double-pulse (DP-LIBS) over single-pulse (SP-LIBS) configurations.
Notably, the exceptional sensitivity of LIBS to lighter elements has been
found application in hydrogen isotope retention investigations [26-35].
At Experimental Advanced Superconducting Tokamak (EAST) [26], a
remote in situ laser-induced breakdown spectroscopic (RIS-LIBS) system
has been developed for the determination of PFC composition (fuel
retention, impurity deposition, and deposited layer thickness) [26].
Isotope lines D, and H, were identified but only partially resolved. The
limit of detection of H/D was estimated to be about 200 ppm in the
lithium layer on the first wall [27] applied LIBS for in-situ probing of D
retention and Li deposition on a W-PFC surface after being exposed to D
plasmas in a tokamak. Deuterium retention inside both pure and lithi-
ated tungsten was investigated, and it was found that the Do and Ha
signals of lithiated W are significantly more intense than those of pure
W. LIBS was also applied for in-situ diagnostics of the Li-H/D co-depo-
sition on the first wall of EAST [28]. The results showed that the D, and
H, signal intensities disappeared after the third laser shot, which was
explained by the greater depth of the nanosecond laser ablation than the
thickness of the deposited impurity layer. Additionally, femtosecond
laser filamentation-induced breakdown spectroscopy combined with
chemometrics methods was used to quantify deuterium content in water
samples [29]. Filamentation was found to suppress spectral broadening,
and well-resolved peaks of H, and D, were obtained. Burger et al. [30]
studied the segregation of species and spectral line broadening in D,O-
H,0 plasma produced by single- and double-pulse nanosecond laser
ablation in air. It was found that species segregation for laser-produced
plasma formed in the air does not significantly impact the ability to
distinguish Dy and H, Balmer lines for the SP-LIBS and DP-LIBS. Fantoni
et al. [31] studied the resolving of H, and D, lines using double pulse
configuration with Nd:YAG lasers having energy of 170 mJ at 1.06 pm to
irradiate, in vacuum, Mo target co-deposited with W, Al, and D using
vacuum arc deposition method. With a 300 ns delay between pulses, H,
and Dy lines are almost resolved according to the Rayleigh criteria, thus
enabling line intensity determination using fitting with Pseudo Voigt
functions.

Kautz et al. [32,33] obained an even better resolution by using fs Ti-
saphire laser (800 nm, 35 fs, 5 mJ) to irradiate H and D loaded Zircaloy-
4 targets. In 10 Torr of He, using a gate of 2 ps, FWHM of hydrogen lines
from 0.08 to 0.05 nm was obtained for delays from 1 to 26 ps [33]. Using
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an ns laser and different pressures of Ar, a slightly greater FWHM was
obtained. Later [34], using the same fs laser irradiation of the Zircaloy-4
target with incorporated D or T in 26 Torr of Ar, the hydrogen Balmer
alpha lines are clearly resolved from the D, or T,. Lowering gas pressure,
the line width goes even below 0.08 nm, but the line intensity drops even
faster, thus limiting the possibility for resolving D, from T,,.

Recently [35], the analysis of the parameters influencing resolving
and recordings of the fully resolved D, and Hy, lines are obtained in 30
Torr of Ar at delays of 60 ps, but without indicating other experimental
conditions.

Achieving direct Laser-Induced Breakdown Spectroscopy (LIBS)
analysis of hydrogen isotopes remains a formidable challenge due to the
high electron density in laser-induced plasma, intensifying Stark
broadening and hindering the clear distinction of closely spaced spectral
lines of different H isotopes.

This research aims to enhance the resolution and sensitivity of LIBS
for detecting hydrogen isotopes in fusion-relevant materials. The initial
focus involved a theoretical exploration to ascertain the maximum line
widths for resolving hydrogen Balmer alpha D, and T, lines and to
determine their real intensity. Parameters such as maximum tempera-
ture, electron number density, and instrumental width in conjunction
with peak intensity ratios were meticulously assessed. In addition, the
influence of the applied approximations on maximum line widths was
evaluated.

The experimental verification of obtained results, i.e., generation of
plasma condition necessary to resolve hydrogen isotopes Balmer lines,
was performed using an earlier proposed [36] CO; laser-based LIBS
under a low-pressure helium and argon atmosphere. Different graphite
targets incorporated with heavy water (D20) were analyzed, including
the silica gel-doped wet graphite targets.

2. Theoretical considerations

In this section, the requirements for resolving Balmer alpha lines of
hydrogen isotopes were analyzed and calculated. Special attention was
devoted to calculating the requirements for resolving the tritium Balmer
alpha line. This is necessary since tritium control and retention studies
are critical for the safety operation of fusion power plants due to the
possibility of tritium permeation into the coolant and the difficulties
associated with its recovery [37].

However, as tritium is radioactive and its determination is experi-
mentally challenging, laboratory studies of hydrogen retention primar-
ily rely on analyzing deuterium content. A key parameter in applying
isotopically resolved LIBS for retention studies is the relation between
line broadening and the isotopic shifts. Compared to other Balmer series
lines, the Balmer alpha lines, besides being the most intense visible
hydrogen line, have lesser Stark broadening than isotopic shifts, so they
are commonly selected for hydrogen retention studies. Namely, Hy and
Dy lines cannot be resolved under typical LIBS plasma conditions (N =
102 m3 and Te = 10.000 K) since the isotopic shift for the Balmer beta
Hp - Dg lines is 0.13 nm [38], while the Stark widths of these lines are 1
nm (according to the computer simulation (CS) calculations [39]).
Contrary, under the same plasma conditions, the Stark width of the
Balmer alpha lines is 0.23 nm [39], while the isotopic shift for Hy - D is
0.18 nm and 0.23 nm for Hy - T, [38]. The main task of our research was
to enhance the sensitivity of LIBS for the detection of hydrogen isotopes.
For that purpose, optimal plasma conditions must be found under which
hydrogen lines broadening is reduced, peak separation improved, and
emission signal increased.

2.1. Determination of the critical FWHM for resolving hydrogen isotope
lines

The first step in the analysis was to determine the limiting values of
the spectral line widths necessary for resolving the H-D-T lines. From the
spectroscopic point of view, lines are resolved if they fulfill the Rayleigh
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criterion [29]. Therefore, the theoretical analysis of the overall line
profiles (when all three isotopes are present in plasma) was performed to
determine the maximum width of spectral lines that satisfy the Rayleigh
criterion.

It is shown that the fitting of the hydrogen Balmer series lines with
one, two, 4, 6, or seven Lorenzian excellent matches theoretical Stark
profiles [40]. This and the fact that fitting the overall hydrogen profiles
with one or sum of the Voigt function [40-42] also gives an excellent
matching is a clear consequence of the fine structure of these lines. Since
each fine structure component can be presented by the Voigt function,
the resulting overall profile also has the Voigt shape [43]. Of course,
such an approximation can be applied only above the fine structure limit
[44]. On the contrary, it is unclear how such a fitting with several Voigt
profiles can be easily applied for electron number density diagnostics.

Therefore, in many applications hydrogen profiles were fitted with a
single Voigt profile. Determination of the full half width at half
maximum, FWHM by such fitting procedure is adequate and is used in
this work. On the contrary, deconvolution to determine Stark contri-
bution by equalizing it with Lorentzian contribution to the overall line
width may lead to significant errors [45]. More details about this
approximation in determining electron density will be discussed in
Section 2.3.

First, Hy, Dy, and T, spectral lines, having the same intensity and line
width, were generated using the Voigt approximation, which treats each
peak as a sum of fractional contributions of the Gaussian and Lorentzian
shapes:

wy = 0.5346 e w; +1/0.2169 e w; 2 + wg? 1)

where wy, wi, and wg are the full width at half maximum (FWHM) of the
Voigt, Lorentz, and Gaussian profiles, respectively [46].

The Gaussian contribution is taken as the combination of the
instrumental (w;) and the Doppler broadening (wp) [47]:

Wwg = \/wp? +w;? 2
wp = 7.16 x 10 7A(T/M) 72 ®3)

where T and M are the temperature and mass of the radiating atom in
atomic mass units, and 4 is the central wavelength in nm.

The estimated maximum line width (critical FWHM) for which the
hydrogen isotope lines can be resolved is shown in Fig. 1. According to
Rayleigh’s criterion, assuming that the hydrogen isotope line intensities
are the same, the critical FWHM to separate the H, peak from the
blended D,/T, lines is 0.18 nm (Fig. 1a), and 0.054 nm to resolve the Dy

(@)

Relative intensity
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from T, line (Fig. 1b). It should be stressed that even when D, /H, line
pair is resolved, the information about T, may be lost entirely. In
addition, if one wants to resolve D, /T, line pair, the dip between the D,
and H lines should be 10 % or less of the smaller line peak intensity.

Resolved deuterium and hydrogen lines were obtained in LIBS
spectra of samples with different deuterium concentrations, confirming
that the critical FWHM for H,/D, line separation is attainable [29-36]. It
is much harder to attain the minimum peak width necessary to separate
the Dy - Ty line pair. In addition, the critical FWHM for resolving lines
depends on the assumed peak intensities’ ratio, R. Dependence of,
determined, (critical for D, and T, lines resolving according to the
Rayleigh criterion) FWHM dependance on a line intensity ratio in the
range from 0.1 to 1 is presented in Table 1. The critical FWHM depends
on the assumed ratio between D, and T, line intensities, R, regardless of
which line is more intense, i.e., there was no difference between critical
FWHM values obtained for intensity ratios of 0.5 and 2. Therefore,
Table 1 presents only the values for intensity ratios between 0.1 and 1.
To simplify procedure for critical FWHM determination, lines were
approximated by Voigt profiles using the same line width for all lines.

As illustrated in Table 1, the determined critical FWHM of Voigt
profiles for resolving D, and T, lines go from 0.027 to 0.054 nm,
depending on the line intensity ratio. The results in Table 1 suggest that
as the intensity ratio between these two lines decreases, it becomes more
challenging to resolve D, and T, lines experimentally.

The dependence of determined critical FWHM on the assumed ratio
of peak intensities of the Balmer alpha lines can be, besides in Table 1,
presented by eq. (4), which enables easy calculation of the maximum
FWHM necessary for resolving studied lines, for the estimated value of
R:

FWHM,, = 0.0599 — 0.0388 x exp(— 1.765 x R) (C)]

2.2. Critical plasma parameters for resolving hydrogen isotope lines

Resolving hydrogen isotope lines requires detecting a spectral signal
at reduced electron density with corresponding narrower line widths. In
other words, plasma parameters (T and N,) must be optimized to ensure
the conditions necessary to decrease electron density without a

Table 1
Critical FWHM for resolving D, and T, for different intensity ratios.
Line intensity ratio (R) 0.1 0.3 0.5 0.67 0.8 1
Critical FWHM 0.027 0.038 0.044 0.047 0.050 0.054
(b)
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Fig. 1. Voigt approximation of hydrogen spectral lines having equal line widths and intensities and critical FWHM for resolving (a) H, and D, and (b) D, and

T, peaks.
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significant decrease in light emission intensity.

Electron density from the width of the H, can be determined using
different approaches since much work was devoted to studying this line.
For example, it is shown [48] that using Griem theory, there is a
considerable difference between electron densities determined from
Balmer alpha and Balmer beta line widths. Having in mind the high
accuracy of the Hg line theory, electron density can be determined using
the correction factor between theories of the Hy and Hg widths.

In this work, according to the approximation that the Stark profile of
the H, line at electron densities greater than 10! m~2 is close to Lor-
entzian [45], the eq. (1) was used to obtain Stark broadening contri-
bution to overall line width, assuming w;, = ws. Then, eq. (5) [39] was
used to calculate Ne:

N, [m™®] = 10* o (ws[nm]/1.098 )" 471> 5)

Fig. 2 shows the maximum values of plasma parameters (T and N,),
under which critical FWHM for T,, D, resolving is obtained, estimated
for different values of the instrumental FWHM parameter, w;. Plasma
parameters were calculated for two critical line width values corre-
sponding to two values of R spectral line intensity ratios. Upon
approaching the limit value of Ne = 1.2 x-10%! m™ as shown in Fig. 2a, it
becomes impossible to obtain the parameters (T and w;) required to
resolve both the Dy and T,, when R = 1. Additionally, it is observed that
for an electron density of approximately 4 x 102 m~3 and temperature
less than 6000 K, (corresponding to LIBS plasma at later evolution
times), the instrumental FWHM should be less than 0.027 nm to resolve
the Ty and Dy lines. Also, with equal peak intensities, if the temperature
is higher than 10,000 K and N, greater than 4 x 10%° m~3, the instru-
mental width must be smaller than 0.02 nm. As shown in Fig. 2b, for an
N, lower than 1 x 10%° m™2 and a minimal instrumental width of less
than 0.01 nm, the temperature cannot exceed 3000 K.

2.3. Validity of approximations used for simulation of line profiles

Several approximations were used to determine critical, i.e.,
maximal FWHM and plasma parameters necessary to resolve hydrogen
isotope Balmer alpha lines. Therefore, the validity of these approxima-
tions and their influence on determined parameters will be analyzed.

2.3.1. Approximation of line profiles with Voigt function

The validity check of the Voigt approximation, in the determination
of the plasma conditions required for resolving studied lines, was per-
formed by comparing estimated parameters with those obtained using

(a)
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T /D=1 w; [nm]
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the Computer Simulation model of hydrogen spectral line profiles (CS
tables) given by Gigosos et al. [39]. Previous studies [45] have
confirmed the validity of approximating hydrogen Balmer alpha line
shapes using the Voigt function. Conversely, determining the width by
fitting hydrogen lines with the Voigt function, even by fixing the
Gaussian contribution to the line width, can lead to significant errors at
low electron densities. Therefore, the calculation of plasma parameters
was performed using relation (5) [39,45] to improve their accuracy.
The difference in calculated values for the instrumental width w; =
0.01 nm, and w; = 0.027 nm respectively, (0.027 CS and 0.01 CS), was
illustrated in Fig. 2 a,b, respectively. Error bars, included for these data
in Fig. 2, indicate uncertainty of used formula. The slight variation be-
tween these values can be attributed to the contribution of a Doppler
broadening mechanism because Voigt profiles were generated assuming
identical widths of all three lines. For example, in the Voigt approxi-
mation, all three lines have a width of 0.054 nm, whereas the precise
values are 0.0598 nm for H,, 0.052 nm for D,, and 0.049 nm for Tj,.

2.3.2. Consistency in the assumption of the same stark widths and shifts
Different Stark widths of Balmer alpha lines of hydrogen and
deuterium were reported [49]. The author measured the Stark-
broadened line profiles of Hy and D, in a wall-stabilized argon arc at
an electron density of Ne = 1.4 x 10?2 m~3 and found the half width of
D, to be about 15 % smaller than the width of H,. It was found that only
about 5 % of the measured 15 % difference between the experimental H,
and D, profiles can be explained by differences in Doppler widths and
inaccuracies in reproducing the exact electron density, while the major
portion (= 10 %) must be attributed to ion dynamic effects. In reference
[49], for the evaluation of N, through the Stark broadening of the D,
line, the numerical factor of 0.9 was introduced in relation (5) to account
for the reduced Stark broadening of the D, compared to the H line.
Our study of the necessary conditions for resolving the Hy, Dy, and T,
peaks assumed the same values for FWHM of these lines. Therefore, the
impact of disregarding the influence of the reduced mass on the line
profile was examined using CS tables [39]. The analysis was performed
for four values of a reduced mass of 0.5, 0.8, 1, and 2, corresponding (in
case of equal gas and electron temperatures) to different plasma com-
positions: pure hydrogen, hydrogen-helium, hydrogen-argon, and a
mixture of argon with deuterium or all three hydrogen isotopes,
respectively. It was concluded that ion dynamics affects the line shapes,
resulting in the observed difference in line widths. As a result, observed
differences could impact the precision of estimated widths and plasma
conditions for separating D, and T, peaks in the studied range of den-
sities. Namely, according to the CS simulation results, a dip between
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Fig. 2. Relationship of the maximal electron temperature versus the electron density corresponding to different values of the instrumental FWHM calculated for two
critical line width values: a) critical FWHM = 0.054 nm, T,/D, = 1, and b) critical FWHM = 0.027 nm, T,/D, = 0.1.
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lines increases with the increase of the reduced mass, which positively
influences the conditions for resolving the hydrogen isotope lines. But,
neglecting the influence of reduced mass on the line shapes by analyzing
theoretical profiles for pure hydrogen only loosen the criteria for
maximal FWHM for other p. In addition, the hydrogen and deuterium
spectral line profiles analyzed and experimentally tested in this work
correspond to plasma with a simultaneous presence of hydrogen iso-
topes. On the contrary, in reference [49], measurements were performed
for two experimental conditions (with a small percentage of the H or D
added to Ar) having different reduced masses, which caused the stated
difference in the hydrogen and deuterium line width.

3. Experimental methods and materials

Requirements for line resolution, analyzed in Chapter 2, were
experimentally tested using the LIBS setup described in Section 3.1.
Emission spectra were recorded using the spectrometer, the resolution of
which is analyzed in Section 3.2. The selection of targets and their
preparation procedures are described in Section 3.3. To verify the re-
quirements for plasma parameters estimated in Chapter 2, temperature
and electron number density diagnostics were performed. These results
are described in Section 3.4.

3.1. Experimental setup

The breakdown on a solid target was generated using the modified
carbon dioxide TEA laser (Tachisto 215G) operated at 10.6 pm, with a
repetition rate of 1 Hz. The duration of the main laser pulse was 80 ns
with a tail lasting 2 ps (see inset in Fig. 3). The targets were placed
within the vacuum chamber mounted on the x-y table (Isel-automation
230,510). The chamber was vacuumed and filled with a continuous
argon or helium gas flow at the desired pressure. The laser beam was
focused perpendicular to the target surface using a ZnSe lens (L, f; =
100 mm), as illustrated in Fig. 3. Fast imaging was conducted through a
lateral window of the vacuum chamber, capturing the plasma image and
projecting it onto the entrance slit of a spectrometer. This process uti-
lized an optical fiber settled at 15 degrees and equipped with a colli-
mator (SolarLas PS2) for precise light transmission. For recordings of
line shapes, a spectrometer (Sol Instruments MS7504i) was employed,
outfitted with an iCCD camera (Andor Technology, model DH734I-18F-
63 featuring 1024 x 1024 pixels, with a size of 13 x 13 pm and an 18
mm diameter intensifier). The iCCD was controlled using a pulse
generator (DG-535, Stanford Research Systems), triggered optically by
the occurrence of plasma on the target. A fast photodiode (PD) oriented
towards the target was utilized to convert the light signal into electrical
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and trigger the DDG. Line shape recordings were performed with full
vertical binning and different gate widths at various delay times. The
acquisition gate width was varied between 15 ns and 70 ps. If not stated
otherwise, the gate time was 5 ps. The shorter acquisition widths at
earlier delays were favorable for tracking fast-changing plasma. Signals
were recorded over ten accumulations to mitigate the influence of shot-
to-shot variations.

3.2. Instrument selection and determination of instrumental profile

The initial step in experimental evaluation of the criteria for
resolving hydrogen isotope Balmer alpha lines involved examining the
spectrometer’s resolution, i.e., determining the instrumental half-width.
Namely, the instrumental half-width must be smaller than the values
shown in Table 1. The shape and width of the instrumental profile of the
MS 7504i spectrometer were determined by measuring radiation from
the Ne pen lamp. The instrumental width (diffraction grating with 1800
groves/mm and a 15 pm wide entrance slit of spectrometer) was
determined to be w; = 0.03 nm. Thus, it was concluded that the spec-
trometer was suitable for resolution studies of hydrogen isotope Balmer
alpha lines.

3.3. Preparation and testing of targets

The second task was selecting and preparing the targets that could
serve as substitutes for the hydrogen isotope-enriched components of the
plasma fusion reactor. The material selected for the present study was
graphite because of its importance for fusion technology [50,51]. Two
preparation procedures were used to obtain graphite targets with
embedded D-O. In the first case, a controlled amount of the D,O was
applied with a micropipette to the surface of a tablet made from spec-
troscopically pure graphite powder. In this way, graphite targets with a
gradient concentration of hydrogen along the sample thickness were
produced. These targets were suitable for depth analysis of hydrogen
retention, i.e., recording LIBS spectra in which the intensity ratio of
hydrogen over deuterium Balmer alpha lines changes with the number
of laser shots.

In the second case, tablets were made from graphite powder doped
with D20 and mixed with silica gel (SiO2). The silica gel was added to
prevent a decrease in water content during vacuuming. Before mixing
with D,O-doped graphite, SiO2 was ground to a fine powder and dried in
an oven at 110 °C for 20 h to eliminate previously accumulated mois-
ture. The best consistency of the tablets was achieved by mixing the
graphite and silica gel powders in the proportion of 3:1. After pressing
(10 tons hydraulic press for 30 min), the tablets were dried at 120 °C for

Gas
inlet

PC

Fig. 3. Experimental setup: L-lens, PD-photodiode, OF-optical fiber, FC-focusing collimator, VAC-vacuum outlet, DSO-digital storage oscilloscope and DDG-digital

delay generator.
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6 h and stored in a desiccator to prevent moisture absorption. Targets
prepared with this procedure had a homogeneous water distribution, as
confirmed by LIBS spectra. The intensity ratio of the Hy and C II lines
remained almost unchanged with increasing number of applied laser
shots. The heavy water-doped graphite/silica gel targets were used in all
further experiments.

3.4. Plasma diagnostics

The plasma parameter measurements were conducted to experi-
mentally validate the conclusions drawn from the results depicted in
Fig. 2. Electron number density was evaluated from the measurement of
wavelength separation (s) between peaks of allowed (2p 3P°- 4d 3D)
and forbidden (2p 3P°- 4d 3F°) component of the He I 447.1 nm line,

using the relation (6) [52], with T. in K, s in nm and N, in m 3

s \bT
lOglo(Ne) =215+ lOglo {(m) -1 :|

8380
12

b(T.) = 1.46 x (6)

From the spectra presented in Fig. 4 a, the separation between peaks
was determined: s = 0.206 nm for shorter delay/gate times (0.5 ps / 5 ps)
and 0.155 nm for longer delay/gate times (5.5 ps / 50 ps). The estimated
N, for shorter and longer delay/gate times were 2.5 x 10%! and 2.7 x
102° m~3, respectively.

In addition, N, was determined from the parameters of the He I
492.2 nm line (2p Ipo — 4d 1D) with forbidden component (2p Ipo _4f
1F° and 2p Ipo _ 4p Ipe using the relation (7) [53], with Te in K, s in nm,

and Neinm™ 3

logio(N,) = 21.3065 + )1 S
0810(Ne) = 21.3065 + ( 5o-cc 10810 <0.131187) -

994

T, )

b(T,) =125+

Using the separation values s = 0.203 nm and 0.146 nm determined
from Fig. 4 b, the calculated electron number density was N = 1.5 x
10?! and 2.2 x 10%° m™ for shorter and longer delay/gate times,
respectively. From data presented in Fig. 4, for separation between
forbidden (F) and allowed (A) components (s = 0.203 nm and 0.146 nm)
and their intensities ratios (F/A = 0.196 and 0.044) the following N,
values were obtained by interpolation of the data according to unified
theory (BCS) [54]: 2.03 x 10%!, 3 x 10%, 1.5 x 10?! and 3.66 x 10%°
m ™3, which are in reasonable agreement with values obtained from the
calculations based on approximative formulas [52,53].

The gas temperature was determined by comparing the synthetic and
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recorded spectra of the sequence Av = 0 of the C; molecule Swann
system at 515 nm. Fig. 5a shows a part of the Av = 0 sequence of the Cy
molecule Swann system spectrum, obtained in an Ar atmosphere at
reduced pressure (10 millibars) between the band heads (0-0) and
(1-1). Spectra were obtained with different delay times (5, 10, and 15
ps), with a gate of 5 ps. As can be seen from the picture, the resolution of
the spectrograph and the plasma conditions allow for obtaining spectra
with a well-developed rotational structure, where the lines of the R and
P branches are well-separated. Due to the decrease of plasma tempera-
ture with time, the band intensities obtained for different delay times
decrease rapidly with increasing time. In general, the emission of mo-
lecular bands is characteristic of the peripheral plasma parts and/or
later times of development of the laser-induced plasma: with increasing
temperature, the intensity of the emission increases, but at the same
time, the concentration of molecules decreases due to dissociation. The
maximum emission intensity of the Swan system is usually reached at a
temperature around 6700 K [55].

When the rotational structure of molecular band spectra is well
resolved, it can be used to determine the temperature of heavy particles.
The (0-0) band of the Swan system is very suitable for that purpose: the
C, molecule has a sufficiently high dissociation energy (6.2 eV) and a
sufficiently low excitation energy (2.4 eV) to obtain very intense spectra,
and on the other hand, the structure of the energy levels is such that the
components of rotational structures can also be separated using a
medium-resolution spectrograph. Fig. 5 b shows a detail of the Co band
spectrum synthesized for different temperatures, with a Gaussian profile
corresponding to the instrumental profile of the spectrograph. The
Pgopher program [56] was used to synthesize the spectra. The intensity
ratio of R components and band head does not depend on temperature,
so both synthesized and experimental spectra can be normalized to the
intensity of the R component. This way of normalization is better than
normalization using the (0-0) band head because of its potential self-
absorption. As shown in Fig. 5 b, the intensity ratios of the R and P
components of the (0-0) band strongly depend on temperature, so they
can be used to estimate plasma temperature.

By comparing the normalized experimental and synthesized spectra,
the temperature was estimated for different delay times: for a delay of 5
ps, a temperature value of 5000 K was determined, with an error of 10
%. With the delay time increase, a clear trend of temperature decrease
was observed, from 4500 K for a delay of 10 ps to a temperature of about
3500 K for a delay of 20 ps. The intensities were significantly lower for
delay times longer than 10 ps, considerably increasing the determina-
tion error.
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Fig. 4. Examples of the N, diagnostics: (a) Shape of the He I line at 447.1 nm and (b) Shapes of the hydrogen isotope Balmer beta lines and He I line at 492.2 nm.



L Traparic et al.

(a)

5E4 C, (0-0)
>
= 4E4
C
9L
£ 3E4- C, (1-1)
o
= 1
©
< 2E4- "
o 1 L\M 5 s
1E4_MMMWMMWWMMMWW
1 10 pg
0 : ~A 15 png
510 512 514 516 518

Wavelength [nm]

Spectrochimica Acta Part B: Atomic Spectroscopy 221 (2024) 107050

(b)

N
©
L

o
o

=

w
o
1

'
'
.
'
'
i
i
|
y
¢

Relative intensity
[
o

10

51|32 51534
Wavelength [nm]

Fig. 5. (a) Experimentally obtained spectra of the Swan band (Av = 0 sequence) for different delay times. (b) Synthesized normalized spectra for temperatures of
4000 and 6000 K and experimental spectrum for a delay time of 5 ps (part of the (0-0) band).

4. Results

The analysis outlined in Chapter 2 has shown that a necessary
requirement for resolving hydrogen isotope lines is employing a spec-
troscopic instrument with minimal instrumental width and generating
plasma with parameters (N and T) falling within the limits indicated in
Fig. 2. The LIBS operation is commonly performed in air and spectral
lines are recorded with some delay period to the laser pulse, to avoid the
influence of continuum radiation, i.e., acquisition starts when lines of
the studied elements appear in spectra and last, until their intensity
becomes comparable to noise.

Typical temperature and electron number density values for laser-
induced plasmas are around T = 15,000 K and N, = 10% m~3 (or
above) [14-20]. The value of N, is almost two orders of magnitude
greater than the values shown in Fig. 2. The plasma induced by Nd:YAG
laser in Ar at reduced pressure is characterized by a lower N, but still far
above the values required to resolve the Balmer alpha line. For example,
the H, line measured in tungsten plasma induced in He atmosphere at
10 mbar had FWHM of around 0.5 nm [57], i.e., almost ten times greater
than requested for resolving studied lines. In LIBS detection of hydrogen
in molybdenum within mixtures of argon and nitrogen at atmospheric
pressure it is observed that the width of the H, line decreases (for the
same delay), with shorter duration of plasma, i.e., emission intensities
decrease faster than in pure argon [58]. The resolving of the H, and D
was obtained using double-pulsed LIBS (with ps and fs lasers) or laser-
induced filamentation LIBS. However, the line widths were too wide
to resolve Dy and T, like the line profiles shown in Fig. 1a.

Resolving D, and Ty, lines is the most critical task for LIBS analysis of
hydrogen isotope retention, bearing in mind that the isotope shift

between Dy and T, is 0.0598 nm, while between Hy and D,is 0.1785 nm.
The targets used in this study did not contain tritium. Nonetheless, the
analysis presented in Section 2 (Fig. 1 b) demonstrates that when the H,
and D, are distinctly resolved, and the dip between these lines accounts
for less than 10 % of the intensity of the smaller peak, the requirements
for resolving D, and T, are met.

In this work, we investigated the potential of LIBS based on TEA CO,
laser for obtaining well-resolved hydrogen Balmer alpha lines. Experi-
mental parameters were optimized by recording LIBS spectra of heavy
water-doped graphite/silica gel targets under different experimental
conditions. Three laser energies were used in this study, namely 260 mJ,
320 mJ and 420 mJ. Targets were irradiated in Ar and He atmosphere at
different gas pressures (3-80 mbar), and spectra were recorded with
variable delay (0.5-15 ps) and gate times (5-50 ps).

The characteristic dependence of the line profiles on delay time at He
pressure of 30 mbar are shown in Fig. 6 a, and on He gas pressure at a
delay time of 15 ps in Fig. 6 b. Each spectrum is a sum of 10 accumulated
laser shots applied at the same spot on the target.

Based on Fig. 6, it can be inferred that ionized carbon lines start to
emerge in the spectra during the initial phase of plasma evolution and
persist for less than 5 ps. It should be stressed that the width of the C II
lines (3 s %S - 3p 2p%) at 657.8 nm and 658.29 nm, recorded at the
beginning of the plasma evolution, was 0.033 nm, which confirms that
wj is equal to or slightly less than the stated value. In addition, since the
overall width is not greater than the instrumental width, we may
conclude that the contribution of the other line-broadening mechanisms
was negligible. Further, in the time window 0.5 ps - 5 ps, the N, value
was around 102! m~3 since a Stark width of these lines, according to
theory [59], is around 0.1 nm at N, = 102 m3,
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Fig. 6. Variation of line shapes: (a) with delay time at He pressure of 30 mbar and (b) on gas pressure at a delay of 15 ps. The influence of gate time on spectra (c)
recorded in He at 10 mbar. All spectra were recorded using the laser energy of 260 mJ. Gate time for (a) and (b) was 5 ps. Delay for (c) was 5 ps.
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After a few microseconds, the spectral lines of surrounding gas (He or
Ar) and those of hydrogen become more pronounced, thus enabling
adequate resolving of the Balmer alpha line from the closely spaced
spectral lines of the target material. This fact is significant for studying
hydrogen isotope retention in tungsten targets because the presence of
the spectral line of W I at 656.32 nm or Be II line at 656.45 nm can make
it difficult to separate it from the hydrogen Balmer alpha line. Further-
more, the Balmer alpha lines were not fully resolved at short delay times,
see Fig. 6 a, indicating a preference for analysis at delays longer than 15
ps. Fig. 6 also shows that the dip between H, and Dy, lines decreases with
increasing pressure. For pressure higher than 10 mbar, lines are fully
resolved. Unfortunately, the intensities of Balmer lines diminish swiftly
as the pressure and delay times increase. Hence, the primary objective of
this study was to identify experimental parameters where line intensities
significantly exceed the noise level and fulfill conditions required for
resolution. As the plasma evolves, the line width decreases, indicating
improved resolution. However, this decrease in width is accompanied by
a decrease in intensity, which presents a drawback. Therefore, when the
line width aligns with the instrumental resolution, the remaining signal
can be captured by widening the gates for data collection. As an illus-
tration, the spectra recorded in He at 10 mbar, using laser energy of 260
mJ and delay time of 15 ps for gate values of 20 ps and 5 ps, are shown in
Fig. 6c.

In argon, under the same experimental conditions as for He gas, the
intensity and shape of the hydrogen isotope Balmer alpha lines are
considerably different due to the changes in electron number density,
electron temperature, and different temporal and space evolution of
plasma. The recorded line shapes for a laser energy of 420 mJ and a gate
time of 5 ps are shown in Fig. 7a for various delay times.

Considerably greater electron number densities are obtained in LIBS
with Ar compared to He. Consequently, the resolution of lines at the
beginning of the plasma evolution is of poorer quality (Fig. 7a). How-
ever, plasma emission in Ar lasts longer, and for longer time delays (at
50 ps) well-resolved lines of sufficient intensity can also be obtained, see
Fig. 7a. The line shapes obtained under same laser energy and gate time
parameters, but under varying pressure, are depicted in Fig. 7b, for
delay time of 0.5 ps.

As a figure of merit, which will clearly describe the quality of
resolving of hydrogen lines, the dip between lines seems to be the most
appropriate. The dip was defined as the minimum intensity between
lines (presented as a percentage of the lowest peak intensity). Consid-
ering that determining the line widths requires fiting, it is clear that dip
is a more adequate parameter. Namely, a dip may, without any other
procedure, give a reasonable estimate of how far one is from the optimal
conditions for resolving not only the H, and D, line, but also for
resolving the deuterium and tritium Balmer alpha lines. Fig. 8 shows the
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dependence of the dip between hydrogen isotope lines versus studied
parameters: laser energy, gas type and pressure, and delay times. For
comparison, the line widths are also shown in the same figure.

In Fig. 8, it is evident that the dip value’s dependency on gas pressure
and laser energy is most notable during the initial stages of plasma
evolution. However, as delay times progress, the line width approaches
or matches the instrumental width, leading to dip changes among lines
comparable to the measurement uncertainty. It is plausible to infer that
employing a spectrometer of higher resolution would yield smaller dip
and FWHM values, particularly at longer delays.

In argon (Ar), the dip increases with both pressure and laser energy
due to the higher electron number density, resulting in an increase in the
Stark width of the spectral line. Conversely, when using helium (He) as
the surrounding gas, the increment in electron density is less pro-
nounced, leading to a dip that remains nearly unaffected by changes in
pressure and laser energy, under studied conditions.

Hydrogen isotope retention studies depend not only on resolving
Balmer alpha lines but also on studied line peak intensities. Therefore,
we presented the results for lines fitting in the form of peak intensity
versus determined FWHM for all experimental parameters. In Fig. 9. gas
pressure was used as a parameter, while data for various delay times are
presented and labeled for each data point. On the same graph, the
critical FWHM value of 0.054 nm (Chapter 2) for resolving D and T
Balmer alpha lines having equal intensities is presented as a thick ver-
tical line. The experimental points on the left side of the vertical line
display plasma parameters where the line separation was deemed
satisfactory. The vertical dotted line presents the value of the minimal
instrumental width of the spectrometer. The red arrow indicates the data
point for which optimal intensity and resolution of spectral lines were
obtained.

Fig. 9 shows that resolved hydrogen isotope Balmer alpha lines can
be obtained in both gases, but the line’s intensity and signal-to-noise
ratios is better in He than in Ar. In addition, at various line peak in-
tensities, the dip between studied D, and Hy lines is less than 10 % (see
Fig. 8), i.e., line widths much less than 0.054 nm (see Fig. 9) can be
obtained, which guarantees, according to the analysis presented in
Chapter 2, resolving of D, and T, lines. At optimal conditions for
resolving lines, the intensity is much lower than at the beginning of
plasma evolution, see Fig. 10a, but still adequate for determining their
intensities with high accuracy, see Fig. 10b.

5. Conclusion
This study examined the resolution of hydrogen isotope Balmer

alpha lines, a crucial aspect for tritium retention investigations using
LIBS. Key highlights of the study included determining the critical line
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Fig. 7. Figure (a) illustrates the variation of line shapes with delay time at an argon pressure of 10 mbar, while figure (b) shows the influence of gas pressure at a
delay of 0.5 ps. The laser energy and gate time used for these measurements were 420 mJ and 5 ps, respectively.
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Fig. 9. Dependence of spectral line peak intensity on FWHM for different gas pressures of (a) Ar and (b) He at laser energy 420 mJ. A vertical line represents the
maximum spectral line width (0.054 nm) for resolving D, and T, with equal peak intensity. Labels represent the values of delay time for each data point.

equal peak intensities (R = 1) and 0.027 nm for R = 0.1. An approximate
formula for calculating FWHM,, dependency on R was proposed. The
study emphasized that fulfilling necessary conditions for resolving D

width (FWHM,,) for resolving deuterium (D,) and tritium (T,) lines by
applying Rayleigh criteria and Voigt profile approximations for
hydrogen lines. The estimated FWHM,, ranged between 0.054 nm for
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Fig. 10. Comparison of the Balmer alpha line shapes at (a) the beginning of the plasma evolution and at (b) optimal conditions: for He at 40 mbar at a delay 20 ps

and for Ar at 10 mbar at a delay 40 ps.

and T, required full resolution of Hy and D, lines while ensuring the dip
between these lines was less than 10 % of the smaller peak intensity.

Experimental validation of the determined conditions essential for
resolving T, and D, was conducted using a LIBS setup employing a TEA
CO; laser and recording plasma emission through an iCCD camera
mounted on the spectrometer’s exit slit with an instrumental width of
0.03 nm. Tests on hydrogen isotope retention in plasma-facing compo-
nents were carried out using graphite samples doped with heavy water
(D20) mixed with silica gel. Plasma parameters were assessed by
determining electron number density from the separation between
peaks of He I components and inferring temperature from the measured
and synthetic segments of the Cy molecule sequence Av = 0. In the time
frame of 0.5 ps — 5 ps, the electron number density was approximately
10%! m~3, with plasma temperature around 5000 K and 3500 K for de-
lays of 5 ps and 20 ps, respectively.

Spectra of hydrogen and deuterium Balmer alpha lines were ob-
tained using different laser energies under varying experimental con-
ditions in Ar or He atmospheres, impacting line resolution differently.
Optimal conditions for plasma induced in He and Ar were identified
concerning laser energy, gas pressure, and delay times, resulting in
better intensities and signal-to-noise ratios. Resolving D, and H, lines
with a dip below 10 % of the smaller peak intensity under optimal
conditions showcased the potential for obtaining fully resolved T, and
D, lines in both gas atmospheres.

Enhancement of the line intensities by using longer gate times (for
recordings when at given delay time, the line width approaches instru-
mental width) is demonstrated.
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Abstract

Various types of electric fields contained in the laboratory and astrophysical plasma cause a Stark broadening of spectral
lines in plasma. Therefore, a large number of spectroscopic diagnostics of laboratory and astrophysical plasma are based on
experimental and theoretical studies of Stark broadening of spectral lines in plasma. The topic of the present investigation
is the Stark broadening caused by free electrons in plasma and its dependence on certain atomic parameters using a new
method based on the machine learning (ML) approach. Analysis of empirical data on atomic parameters was done by ML
algorithms with more success that it was previously done by classical methods of data analysis. The correlation parameter
obtained by artificial intelligence (AI) is slightly better than the one obtained by classical methods, but the scope of
application is much wider. Al conclusions are applicable to any physical system while conclusions made by classical
analysis are applicable only to a small portion of these systems. ML algorithms successfully identified quantum nature by
analyzing atomic parameters. The biggest issue of classical analysis, which is infinite spectral line broadening for high

ionization stages, was resolved by Al with a saturation tendency.

Keywords Machine learning - Stark broadening - Atomic data - Plasma physics

1 Introduction

One of the greatest challenges of the modern science is the
processing of enormous amounts of data. Two primary
goals in this field are how to learn from data and how to
make data predictions [37]. Data science and machine
learning (ML) have made tremendous progress in the last
few decades. Statistical physics have a great contribution to
the development and understanding methods in ML [6].
ML algorithms have become very important in the analysis
of data in physics and related sciences. ML methods have
been shown to be useful in different physical sciences:
astrophysics, particle physics, chemical physics, con-
densed-matter physics, quantum physics. In astrophysics
and particle physics experiments such as CMS and ATLAS
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at the LHC in CERN, as well as projects such as the Sloan
Digital Sky Survey (SDSS), gives enormous amount of
data measuring the particle collisions and properties of a
billion stars and galaxies [37]. Object classification in
astrophysics is very important task [3, 27, 46] whose suc-
cessful solution enables easier selection of objects
according to certain criteria and their further study. Use of
ML algorithms enables the solution of numerous problems
in the processing of astronomical data and enables the
consideration of dependences and correlations that have
not been observed before [25, 26, 44, 45]. In one of the
most significant modern experiment: observation of the
gravitational waves arises from the merger of a binary
black hole, ML algorithms are used to clear the noise in the
signals of gravitational waves [1, 57]. Large development
in the domain of data science, as well as the strengthening
of connection to quantum physics, enabled the develop-
ment of our knowledge of the matter. Namely, atomic
physics is a base for the creation of new molecules and
advanced materials, as well. The theoretical basis of atomic
physics is quantum mechanics. Quantum mechanics has
provided a base for successful research of molecular
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physics and condensed matter physics, as well as nuclear
physics and particle physics. Consequently, the develop-
ment of ML algorithms recently has been used to address
fundamental questions in the domain of quantum physics
[4, 49]. One of the big problems in quantum physics is the
inability to solve the Schrédinger equation for multiparticle
systems, i.e., inability to obtain appropriate wave functions.
In quantum chemistry and chemical physics, ML algo-
rithms are used for analysis and prediction of physical and
chemical properties, chemical structures, optimization of
reaction parameters and process conditions (a type of
reagents, catalysts, concentration, time, temperature), pre-
diction of new reaction design, maximization of the pro-
duction rate of chemical reactions [2, 9, 18, 29, 59, 60]. In
condensed-matter physics and material science, ML has
been used to improve the calculation of material properties,
as well as a modeling of properties of new materials
[10, 12, 19, 43, 58]. Learning techniques can be used for
the research of advanced materials: materials for memory
devices, solar cells, batteries, sensors, nanoparticle cata-
lysts, supercapacitors, superhard material, etc.

From interconnections between quantum physics and
ML, scientific community has huge expectation
[4,8,23,24,32,33, 35, 38, 49, 54]. There are many current
questions about entanglement classification [23], quantum
state tomography [54], solving the quantum many-body
problem [8, 24]. There are many interesting active ML
models with the aim of creation of new quantum experi-
ments [32, 33, 38], as well as quantum machine models
[17]. Also, ML can be used to discover physical concepts
from new experimental data [28]. ML approaches have
been applied to atomic physics. The neural networks can be
used as a representation of quantum states [6]. There is a
lack of atomic parameters for heavy elements and high
ionized atoms. ML can be applied to the classification of
heavy atoms energy levels according to their electronic
configurations [7, 41]. Learning techniques have been
applied for the investigation of atomic processes, like
ionization and radiation [6]. Analysis of spectra from stars
and quasars, as well as laser-produced and fusion plasma,
can be done with the help of ML [40, 45]. The knowledge
of atomic parameters is a base for atomic processes mod-
eling. The aim of this research work is to use machine
learning algorithms for modeling Stark spectral line
broadening.

Stark broadening of spectral lines is a tool for spectro-
scopic diagnostics of laboratory plasma, as well as astro-
physical and fusion plasma. In astrophysics, stark line
widths are used for analysis of stellar spectra, investigation
of chemical abundances of elements in different stellar
objects, opacity calculations. Recently, it has been shown
that Stark broadening has a big influence on the uncer-
tainties in the calculation of the solar opacity [34]. Spectral
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analysis has a very important role in the physics of fusion
plasma, too. Part of the current research in this field is
concentrated on the possibility of using various durable
materials, (as Mo, Ti, Zr...) for tungsten alloying. During
the operation of fusion machines, it is expected that a small
amount of these materials would be found in the peripheral
regions of confined plasma, because of the spattering pro-
cess. Stark widths of these atoms and their ions are needed
for a detailed spectral analysis and diagnostics.

Stark broadening of spectral lines of neutral atoms and
ions is used in science for a number of problems in various
physical conditions. Theoretical calculations of the Stark
width values usually use one of the models given by Griem
et al. [20]; Sahal-Bréchot et al. [47]; Griem [21]; Dimitri-
jevi¢ and Konjevi¢ [13]. Recent research indicates the
importance and usefulness of searching for possible types
of regularities in the framework of a Stark broadening
investigation [16, 53, 56]. Still, existing tables with cal-
culated and measured Stark widths have a big lack of data.
There is a need for Stark widths data in the wide range of
chemical elements, plasma temperature and electron den-
sities. In this paper a correlation between Stark broadening
and environment parameters, such as the ionization
potential of the upper level of the corresponding transition,
electron density and temperature, will be investigated using
modern ML algorithms. If this method proves to be accu-
rate enough, the process of calculating the value of stark
widths will be significantly accelerated and facilitated.

2 Theoretical background of Stark line
broadening

One of the primary deexcitation ways of excited atoms is
photon emission. A cumulative signal obtained from a
radiating medium (for example plasma) is a spectral line
with a small frequency range. Each spectral line emitted by
atoms in plasma has a finite frequency range represented as
line width. Generally, there are four types of spectral line
broadening in plasma. One is a natural line broadening,
related with the uncertainty in the energy of the states
involved in the transition profile, with line width negligible
compared to the other broadening mechanisms. The second
is instrumental line broadening which includes the influ-
ence of spectral device on a line profile. Doppler broad-
ening is caused by a distribution of velocities of atoms or
molecules and depends on plasma temperature. The pres-
sure broadening, which generally depends on pressure (i.e.,
density of active species) and temperature, results from the
interactions of the emitters with neighboring neutral par-
ticles (resonant and Van der Waals broadening) and ion-
ized particles (Stark broadening). Natural and instrumental
broadening are always present. The existence of other types
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of spectral line broadening depends on the plasma condi-
tions. Stark broadening is caused by the free charges which
surround the emitters in plasma and produce the local
electric field which affects the emission process, giving rise
to shifts of the emission wavelengths or changes in the
phase of the radiation. This is observed as a phenomenon of
broadening and shift of the spectral lines [22]. This effect is
determined by the intensity of the local electric field and it
depends on the density of charged particles in the plasma
(electrons and ions). The influence of free electrons on the
line broadening in plasma is much more pronounced than
the influence of ions. The topic of the present investigation
is the Stark broadening caused by free electrons in plasma
using new method based on ML approach.

The general formula for Stark width calculation in the
impact approximation, which is appropriate to use in the
overwhelming number of cases, is [22]:

‘U:Ne<v' “U‘+Zaii’+zaﬁ" > (1)
i !

av

The line has a Lorentzian profile whose width is o,
expressed in angular frequencies unit [rad/s]. N, and v are
electron density and velocity, respectively. The average is
being over the velocity distribution of perturbing electrons.
The cross sections ¢;; (off/) are for inelastic scattering on
the initial (final) state of the line,

while oy is an effective elastic cross section to be cal-
culated essentially from the difference of elastic scattering
amplitudes f; and f;.

The formula proposed by Griem [22] is very compli-
cated, it cannot be resolved exactly, so it is useful to use
different approaches in the calculation. The regularity
approach which correlates Stark width of spectral line, o,
expressed in [rad/s], electron density N,, electron temper-
ature T, and positive value of electron binding energy on
the upper level of the transition, expressed in [eV], is given
by Puri¢ and Séepanovié [42] (Eq. 2):

=27 a N, -f(T,) - x° (2)

where Z, = 1,2,3... for neutrals, singly charged ions, ...
respectively and it represents the rest core charge of the
ionized emitter and a, b and k are coefficients independent
of electron concentration and ionization potential for a
particular transition and the rest core charge of the emitter.
In Eq. 2, stark width is expressed in radian per second and
this is the only suitable unit to analyze the regularity of
Stark broadening. If regularity analysis use wavelengths (1)
and line widths (AZ) expressed in meters, Eq. 2 should be
written as follows:

Zf-a-Ne-f(Tg)-be-/lz 3)

Al =
& 2-m-c

In Eq. 3, every transition have its own wavelength, while
the other parameters remain unchanged, so regularity can’t
be seen.

Atoms and ions with the same number of electrons form
an isoelectronic sequence. It is expected that spectral series
within an isoelectronic sequence show regularity behavior
because a wide range of atomic/ionic parameters depend on
the electron number. The results obtained by regularity
studies have proven to be very precise and this approach
has been used in previous papers of our group. In the last
decade we have investigated Stark broadening regularities
using Eq. 2 within spectral series of individual elements
[14, 15, 30, 51, 52], within spectral series of individual
isoelectronic sequences [53, 55, 56] and we published one
paper with analysis of Stark line broadening regularities
within two spectral series of isoelectronic sequences
simultaneously: potassium and copper [16]. The present
investigation goes one step further and analyses all ele-
ments for which there are available data needed for Stark
broadening investigation, simultaneously, using machine
learning approach. The aim is to find the best possible
model which correlates Stark width of spectral line with all
available parameters for transition of interest (atomic
parameters and environmental parameters).

3 Dataset creation and data cleaning

In order to create our dataset we used two public reposi-
tories connected with atomic spectroscopy. First one is
Stark B database [48], where the parameters of Stark
broadening for different emitters are given. The features
taken from this database are: chemical element, ionization
stage, upper and lower level of spectral transitions, Stark
broadening, the environment temperature and electron
density in environment. In the available database, stark
widths are expressed in angstroms (1 angstrom = 101" m).
For analysis purpose, angstroms are converted in radian per
second [53] (Eq. 4). In the physical sense, radian per sec-
ond is unit related with energy.

o — 27 ?2 A @)
A
We also performed data analysis with Stark widths
expressed in meters, using machine learning and results
have not shown any meaningful trends. This is confirma-
tion that radians per second are suitable unit for machine
learning approach, too. When the difference between
energy levels of the same multiplet is small compared to
the distance to the next level linked by an allowed
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transition, all the fine structure lines of the same multiplet
have the same width and shift in Stark B database . In that
case, the data are given of the multiplet only (wp,y) and for
an average wavelength of the whole multiplet (Apyy). The
width value for a particular line (wy,e) Within a multiplet is
obtained from:

2

Wmult * )»1»
ml{ 5 ine (5)
A

Wiine =
‘mult

To ensure better results, we enriched features taken from
Stark B database with ones taken from NIST Atomic
Spectra database [31]: binding energy of both upper and
lower transition levels, ground level energy, total angular
momentum quantum number J of both upper and lower
transition level, as well as principal » and orbital ¢ quantum
numbers and total angular momentum J quantum numbers
of upper and lower transition levels.

The algorithm of connecting those two databases to form
our own works as described below. For every transition
connected with certain chemical element, we take the elec-
tronic configuration of both upper and lower levels from
Stark B database. Then, we look for that particular element in
NIST database and compare the electronic configurations. If
they match, then we take the binding energy of those levels,

their principal quantum number 7, orbital quantum number ¢
and total angular momentum quantum number J and finally
the ionization energy of that atom. The ionization energy is
needed for calculation of the so-called upper level ionization
potential y. For practical purposes, we replaced the chemical
element name with its atomic number Z and its charge,
obtained from periodic system of elements (i.e., instead of
Ar+2, we used Z = 10 and charge = + 2). For better
understanding of the algorithm mentioned above, pseudo
code is given in table Algorithm 1 while the complete code
can be found at https:/github.com/ivantraparic/Stark
BroadeningMLApproach. After we completed the creation
of database, it consisted of 54,236 successfully matched
transitions for 53 different emitters.

Then we proceeded with data cleaning. Outliers were
detected as those transitions where the energy of upper
level is smaller than the energy of lower level, which is
physically impossible, thus those lines were removed from
the database. Next, we excluded transitions given for
temperatures above 150,000 K and electron densities above
10" cm™3, because we are currently not interested in
making predictions for those plasma conditions. As a
result, this dataset contains 53 emitters and 34,973 spectral
lines and follows a normal distribution.

Algorithm 1 Creation of database used in this paper

1: for element in elements do

2: charge, Z < DetermineZAndCharge(element)

3: elementNIST < FindElementInNIST (element)

4: ElectronTemperature < electronic temperature from Stark B database

5: ElectronDensity < electron density from Stark B database

6: StarkWidth < stark broadening from Stark B database

7 UpperLevels <— upper transition levels from Stark B for element

8: LowerLevels < lower transition levels from Stark B for element

9: Levels < levels configuration in NIST database for elementNIST

10: Upperbindingenergy, Lowerbindingenergy, jupper, jlower, ni, li, nf, lf, x < Arrays

for saving found quantities from NIST database

11: GroundLevel <+ FindGroundLevel(elementNIST)

12: for lowerlevel in LowerLevels do

13: for level in Levels do

14: if lowerlevel == level then

15: Lowerbindingenergy, nf, If, jlower <— binding energy

and associated quantum numbers for that lower level taken from NIST

16: upper level ionization potential x <— GroundLevel - Lowerbingingenergy
17: break

18: for upperlevel in UpperLevels do

19: for level in Levels do
20: if upperlevel == level then
21: Upperbindingenergy, ni , li, jupper < binding energy

and associated quantum numbers for that upper level taken form NIST

22: break
23: if length(Lowerbindingenergy) != length(Upperbindingenergy) then
24: Error
25: return
26: else
27: for i != length(Lowerbindingenergy) do
28: Z, ElectronTemperature, ElectronDensity, charge, x, GroundLevel,
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Upperbindingenergy, jupper, Lowerbindingenergy, jlower, ni, li, nf, 1f, StarkWidth
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Table 1 List of ML algorithms

Model
and parameters

Parameters

Linear regression
Decision tree regressor
Random forest regressor

Gradient boosting regressor

Normalize: [True, False]

max_depth [3, 5, 10]

n_estimators [5, 10, 15, 100]

max_depth [3, 5, 10], n_estimators [100, 150, 200]

Table 2 List of ML algorithms
and their final score

Model Best R? Parameters

Linear regression 0.38 Normalize: False

Decision tree regressor 0.92 max_depth = 10

Gradient boosting regressor 0.94 max_depth = 10, n_estimators = 150

It consisted of 15 columns, 14 of those were our features
(atomic number Z, electron temperature, electron density,
charge, lower level ionization potential y, ground level
energy, lower level energy, lower level J, upper level
energy, upper level J, principal quantum number of lower
level ny, orbital quantum number of lower level ¢, prin-
cipal quantum number of upper level n;, orbital quantum
number of upper level £;), and 15" column was our target
value .

4 Model creation and training
For model creation and training, we used public Python

package Sci-kit learn. We created four models, every being
Pipeline with two steps. In each object of Pipeline class, the
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1011
-
v 1010
S 10
o
3 n
10°
108 = 2s-np(2)
—— 2s-np(2) model prediction
100 10!
x~11/eVv]

first step was data scaling using StandardScaler, and in
second step we made our predictions with defined model.
Considered models were: Linear Regression, Decision Tree
Regressor, Random Forest Regressor and Gradient Boost-
ing Regressor. We split the dataset into training and test
dataset using train_test_split method, leaving 25% of the
data for testing. To find the best model out of four con-
sidered, and best parameters for that model, we used
ShuffleSplit combined with GridSearchCV. In ShuffleSplit
object we set number of splits to 5, and we left 30% of data
for testing. In GridSearchCV object we set cross validation
to ShuffleSplit object. The values for parameters of models
used in GridSearchCV are presented in table 1. Other
parameters of the model remained at their default values.

To rank the performance of models, we used best
Coefficient of Determination, RZ, value obtained after
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Fig. 1 Stark widths regularities within 2s-np i 3s-np spectral series of Li 1 (T = 30,000 K, N, = 102 m~3)
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Fig. 2 Stark widths regularities within 2p-nd and 3p-nd spectral series of Li 1 (T = 30,000 K, N, = 10*°m~?)
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Fig. 3 Stark widths regularities within 3d-np and 4d-np spectral series of Li 1 (T = 30,000 K, N, = 102 m™)

GridSearchCV algorithm finished. We have taken the
parameters that the algorithm used to score that particular
R%. As a result, we got that the best R? value was for
Random Forest Regressor having R?> = 0.95 for n_estima-
tors = 100. The results of other model is given in table 2.

So, our winning model after performing hyper parameter
tuning using GridSearchCV was Random Forest Regressor
with number of estimators set to 100. Random Forest is a
learning method that operates by constructing a large
number of decision trees during the training process [5]. It
is simple to use and shows high performance for a wide
variety of tasks, making it one of the most popular ML
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algorithms in different sciences. Random forests are an
effective tool in predicting new data, in our case new
atomic parameters. It should be emphasized that Breimans
paper [5] is cited more about 30,000 times (Web of Sci-
ence: 36.234, CrossRef: 27.683). In order to check over-
fitting of the winning model, we did R? score check of the
model on both training and test datasets. Training R? score
was 0.98, and test score was R = 0.95, so we were sure
our model is not overfitting the data.
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Fig. 4 Stark widths regularities within 2p-ns and 3p-ns spectral series of Li 1 (T = 30,000 K, N, = 102 m~3)
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Fig. 5 Stark widths predictions for 2p-ns and 3p-ns spectral series of Li 1 (T = 30,000 K, N, = 10?> m~3)

5 Results

The Random Forest model is used to calculate Stark
broadening data for spectral series within neutral lithium
Li 1. Calculated stark widths (red lines) for transitions
within analyzed series are represented with existing known
values of Stark widths data at the same graphs.

Figure 1 shows the dependence of the Stark width (w)
on the reciprocal value of the electron binding energy at the
upper level of the transition (3~ 1) for 2s-np and 3s-np
transitions within lithium atom at a temperature of
T = 30,000 K and electron concentration N, = 102 m~3.

Figures 2 and 3 show the change in Stark width under
the same conditions (temperature 7 = 30,000 K and elec-
tron concentration N, = 10%° m~?), but for 2p-nd and 3p-nd
transitions, as well as 3d-np and 4d-np. A very good
description of the atomic structure of lithium, i.e., the
values of atomic parameters, can be observed. Interest-
ingly, points 2s-2p and 2p-3d were omitted in our previous
analysis [15], while the ML algorithm includes them in the
overall analysis and gives excellent agreement with the
Stark width value.

Of special importance is the possibility of obtaining the
value of stark widths at higher energy levels, for which
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these data are not quantitatively calculated. Figure 4 shows
the change of Stark widths for the 2p-ns and 3p-ns tran-
sitions at a temperature of T = 30,000 K and electronic
concentration N, = 10> m~3. In Fig. 5, the conditions are
the same, but the initial values of the Stark width and the
values obtained by the ML algorithm are given for higher
energy levels of lithium atom. A slight saturation of the
values of Stark parameters at higher energy levels can be
observed.

The functional dependence obtained using the ML
algorithm describes the quantum structure of the energy
levels of lithium atoms. From the model lines (red lines), it
can be concluded that the model successfully (within the
error) indicates the quantum nature of atomic transitions
and that other results do not make physical sense, but only
jumps.

6 Conclusion

Analysis of spectral data on Stark broadening for 53 dif-
ferent emitters and 34973 lines by ML algorithms was done
with more success than it was previously done by classical
methods of data analysis. Random forest has scored an
average of R* = 0.95 which makes it an excellent choice
for Stark broadening calculations. The correlation param-
eter obtained by Al is slightly better than the one obtained
by classical methods of Stark broadening analysis, but the
scope of application is much wider. Al conclusions are
applicable to any physical system while conclusions made
by classical analysis are applicable only to a small portion
of these systems, mostly to ions with low ionization stage.
This improves the quality of predictions and enhance a
broader usability of results. In fact, these results can be
used for any transition and any environment without any
restrictions. ML algorithms successfully identified quan-
tum nature by analyzing Stark broadening parameters
which can not be done with similar analyses that used
classical methods and obtained linear correlation. The
biggest issue of the classical analysis is infinite spectral line
broadening for high ionization stages and it was success-
fully resolved by Al with a saturation tendency.

The process of calculating the values of Stark widths,
which is used in science for a number of problems in
various physical conditions in spectroscopic diagnostics of
laboratory plasma, as well as astrophysical and fusion
plasma, is significantly accelerated and facilitated with new
method based on ML and proposed in the present paper.
Using our new proposed model, Stark databases can be
significantly improved. For example, Stark broadening
calculations can be made for some spectral transitions
within W, Ti, Mo and Zr atoms, which are common in
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nuclear fusion diagnostics and of interest for spectral
analysis in fusion physics [39], as titanium, molybdenum
and zirconium are used as alloying materials for tungsten
[11, 50]. Lines of Ti are used for astrophysics diagnostics,
too [36]. Despite their significance, there is a very big lack
of Stark data for these atoms and their ions. There is a lot of
missing energy data for higher energy levels for W, Ti, Mo
and Zr atoms and their ions. For example, there is no
precise value of energy for 6p level for Ti 1, so there is no
calculated Stark data for transition for which this level is
the closest perturbing level. Although very rich in data,
NIST database does not have energy values data for all
possible excited states of atoms. With standard known
methods for Stark width calculation, it is not possible to
calculate Stark widths for levels for which energy values of
the closest perturbing levels are missing, but ML algo-
rithms enable calculation in these situations, too. In next
step, ML predictions and analytic calculations will be
compared and ML technique will be used for atomic
parameters analyses. Special attention will be paid to
spectral lines that are important for fusion and astrophys-
ical research.
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A feature of Laser-Induced Breakdown Spectroscopy (LIBS), the ability to perform depth profiling, has been
exploited to analyze a tungsten-copper functionally graded material (FGM), considered a relevant candidate for
components in a nuclear fusion reactor. The proposed method relies on establishing correlations between the
depth of ablation craters and the number of laser pulses, along with the accompanying LIBS spectra acquired by
varying a number of laser pulses. LIBS measurements were performed using a Q-switched Nd:YAG laser at 532
nm with 100 mJ/pulse energy under reduced Ar pressure. The ablation craters were analyzed using optical
profilometry. The copper concentration at each specific depth was assessed using a univariate calibration curve
constructed with intensity ratios of Cu I 521.82 nm and W I 522.47 nm spectral lines. The calibration samples
were pure W and homogenous W/Cu composite samples with different Cu content (10.9% - 35.3%) whose
composition was determined by X-ray fluorescence. The proposed method exhibits potential applicability for

quantitative analysis of multilayered materials.

1. Introduction

Functionally Graded Materials (FGM) have innovative properties
and multifunctional characteristics that conventional homogeneous
materials cannot achieve. In its simplest form, FGM consists of a singular
material on one surface, a distinct material on the opposing surface, and
an intermediary layer characterized by a gradual variation in structure,
composition, and morphology spanning micron-level dimensions be-
tween the two materials. A desired function can be achieved by selecting
the transition profile of FGM. Therefore, the FGM must be classified
separately from conventional homogeneous composites and nano-
composite materials [1-3]. The applications of FGM are extensive and
include engineering, aerospace, chemical plants, electronics, energy
conversion, optics, nuclear energy, and even biomaterials [4,5].
Depending on the application, various properties, such as thermal
(expansion coefficient, conductivity, stability, temperature distribution,
response under transient heating), electric (conductivity, dielectric
properties), elastic (deformation, strength, Young’s elastic modulus), or
some other can have one-, two- or three-dimensional variation in the
fraction of its components.

Due to their distinctive characteristics, materials with property
gradation offer significant advantages for application in nuclear fusion

* Corresponding author.
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reactors. For example, functionally graded materials are relevant can-
didates for the interlayer between W plasma-facing components (PFCs)
and CuCrZr heat sinks [6-15]. The challenge posed by a substantial
difference in the coefficient of thermal expansion between these two
materials, resulting in thermal stress on PFC, can be mitigated by
introducing a transition layer consisting of a material characterized by a
low thermal expansion rate, high thermal conductivity, and favorable
thermomechanical properties. Promising candidates for joining layers of
W to CuCrZr are W/Cu composites and W/Cu functionally graded
composites [13,14]. The suitability of these materials is reflected in the
ability to finely tune their macroscopic properties (microstructure and
phase distribution) to attain the desired characteristics.

As an in-situ, non-contact, minimally invasive technique sensitive to
light elements, with the limit of detection down to ppm (or even to ppb
in some cases), laser-induced breakdown spectroscopy (LIBS) is a
promising tool for analyzing plasma-facing components in fusion de-
vices [16]. Various LIBS configurations, using either single pulse (SP-
LIBS) or double pulse (DP-LIBS), have been used to explore the opti-
mization of the technique for monitoring compositional alterations in
PFCs. These changes may arise due to impurity deposition, erosion, or
fuel retention [17-23]. Also, the effect of laser parameters (energy and
duration of laser pulse, wavelength) and the effect of atmospheric
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conditions on the emission, mass ablation, and plasma parameters have
been extensively studied [24-27]. LIBS possesses a competitive advan-
tage over alternative techniques designed for in-depth elemental anal-
ysis due to its in-situ and remote analysis capability, which is especially
important when analysis has to be performed in hostile environments
like nuclear reactors.

This paper presents the research findings on the potential of LIBS for
in-depth profiling of W/Cu functionally graded material using a
medium-resolution spectrometer. A conventional nanosecond LIBS sys-
tem was used, and the samples were analyzed under the Ar atmosphere
at reduced pressure. The proposed method is based on the correlation of
the depth of the ablation craters and gathered LIBS spectra for different
number of accumulated laser pulses. The ablation craters were analyzed
using optical profilometry. The copper content at each depth was esti-
mated from the constructed calibration curve. For concentration cali-
bration, homogenous W/Cu samples whose composition was
determined by X-ray fluorescence were used. Subsequently, a univariate
calibration curve was developed utilizing the line intensity ratios of Cu I
521.82 nm and W I 522.47 nm lines.

The proposed approach is also amenable to the analysis of elemental
composition and the determination of individual layer thickness in
multilayered materials.

2. Experimental
2.1. Samples

A set of tungsten-copper alloys W93Cu7, W90Cul0, W80Cu20,
W70Cu30, and pure W in the form of tablets (diameter 10 mm, thickness
1 mm) were obtained from HUBEI FOTMA MACHINERY CO LTD,
Wuhan, P. R. China. Since W/Cu samples’ trade names represent a rough
percentage of the main constituents, the precise composition of the
samples was determined using X-ray fluorescence (XRF) analysis. These
samples were used as calibration samples for LIBS analysis. A W/Cu
functionally graded material (W/Cu FGM), i.e., tungsten with a gradient
concentration of copper along the sample thickness direction, was used
for LIBS depth-profile analysis. A W/Cu FGM sample was a disc with a 6
mm diameter and thickness of 1 mm.

2.2. XRF spectrometry

A portable XRF Niton XL3t970 GOLDD analyzer (Thermo Fisher
Scientific) was used to analyze the composition of W/Cu standards. The
instrument is equipped with an X-ray tube, working at a maximum of 50
kV, 200 pA, and a high-performance semi-conductor detector with a
resolution of 185 eV. The spot diameter at the measurement point is
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about 3 mm. Depending on the application, the analytical range covers
up to 30 elements, from sulfur to uranium. The analysis was carried out
using a General Metal Mode calibration (includes elemental analysis of
Ba, Sb, Sn, In, Cd, Pd, Ag, Mo, Nb, Zr, Se, Bi, Pb, Pt, Br, Au, Hg, Ta, Hf,
Zn, Cu, Ni, Co, Fe, Mn, Cr, V, Ti) for a total time of 60 s (30 s Main filter
and 15 s for Low and High filters).

2.3. LIBS setup

Fig. 1a shows a sketch of the focusing head for the basic single-pulse
LIBS setup used in this work. A setup consists of the laser (1) mounted on
the platform (2) movable vertically (0-380 mm) by the column (3)
connected to the second fixed platform (4). The focusing head (5) carries
a dichroic bending mirror at 45 degrees, a green diode laser (6) for
indicating the position of a focal point, and a focusing mirror mount
(which has the possibility for fine focal distance adjustment with accu-
racy of 10 pm and the range of +10 mm). A laser source (1) was Nd:YAG
Quantel Q-smart 450 laser (A = 532 nm; energy 100 mJ; 6 ns pulses,
frequency 10 Hz). The change in the laser energy density was obtained
by varying the distance between the sample and lens with a 10 cm focal
length.

The shape, position, and size of the laser beam spot on the target
were monitored using the endoscopic camera (8) equipped with six
white light-emitting diodes for illumination. The camera has a diameter
of 7 mm and a 5 m long light guide connected to the computer. The
resolution of the camera is 640 x 480 pixels.

Fiber optic cable (@ = 400 pm) led the plasma emission collected by
the light collector, i.e., fiber adapter Solar LS FA-2 (9), to the entrance of
the imaging spectrometer Shamrock 303 Andor. The imaging spec-
trometer was equipped with the iCCD camera Andor iStar DH720. The
camera working in full vertical binning mode (FVB) was triggered at
various delays and gate times determined by a digital delay generator
(SRS DG535) using the signals from the ICCD camera computer interface
and Q switch trigger from the laser (controlled by the remote laser
controller) by the help of the digital storage oscilloscope and computer
software. Spectral sensitivity calibration of a Shamrock spectrometer
system with an Andor iStar DH720 ICCD camera was performed with a
calibrated tungsten lamp in the 300-800 nm wavelength range. Instru-
mental width (w;) was experimentally determined by fitting a profile of
the spectral line emitted from a low-pressure mercury lamp. For
entrance slit width of 20 pm, w; was 0.11 nm.

A small vacuum chamber (based on KF40 Tee, see Fig. 1b) carrying
target was settled on the carrier (Thorlabs, Pitch and roll platform) (7)
with the manually adjustable angle, connected to the Thorlabs XY
stepper motor translation stage controlled by the computer. After the
chosen number of laser pulses, n, the target position (10) was changed to

Fig. 1. a) Sketch of the focusing head for the single-pulse LIBS setup showing dimensions and range of the focal point adjustment. Legend: (1) laser, (2) platform, (3)
movable column, (4) fixed platform, (5) focusing head, (6) green diode laser, (7) XY translation stage; b) Technical drawing of the vacuum chamber. Legend: (8)
endoscopic camera, (9) light collector, i.e., fiber adapter, (10) target. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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expose the “fresh” target surface. The target position was fixed when the
task was to determine the ablation depth as a function of the number of
applied laser shots. The appropriate gas pressure inside the chamber was
adjusted using regulation and needle valves and monitored by the
manometer, led to the chamber using appropriate tubing, and evacuated
by the vacuum pump. All measurements reported in this work were
recorded under reduced Ar pressure.

2.3.1. Profilometry analysis

The Zygo New View 7100 Scanning White Light Interferometer
(optical Surface profiler) was used for fast, non-contact 3D measurement
of surface morfology. The profilometer’s vertical scan range is 150 pm,
with the extended scan range up to 20 mm. Vertical resolution is <0.1
nm, while the lateral resolution is objective dependent and ranges from
0.36 to 9.5 pm. A data scan rate is user-selectable (camera and scan
mode dependent) and goes up to 26 pm/s. RMS repeatability is <0.01
nm. The step height accuracy is <0.75%, while repeatability is <0.1%.
The profilometer is equipped with the program (Zygo corporation,
Metro Pro) that was used for measuring crater depths from two-
dimensional (2D) profiles and their three-dimensional (3D)
visualization.

3. Results and discussions
3.1. XRF spectroscopy

The composition of the W/Cu calibration standards was determined
by XRF analysis. A part of the obtained XRF spectra is presented in Fig. 2.
The elemental composition obtained by XRF is summarised in Table 1.
Samples also contain trace levels of other elements, such as Ti, Mn, Fe,
and Co. The measurement accuracy (element dependent) was typically
2% - 5% of the reported weight percent value. Concentration values
obtained by XRF were used to construct the calibration curve.

3.2. LIBS analysis

A critical problem with the application of LIBS for the elemental
(quantitative) analysis of W and W-alloys is the low reproducibility of
the spectral line intensities caused by different grain sizes in a tungsten
structure [28]. The line intensities also depend on grain distribution,
causing differences in measured intensities during target irradiation at
different angles [29]. In addition, explosive boiling occurs at tempera-
tures greater than critical [30-32]. For example, threshold laser in-
tensity for phase explosion in tungsten under interaction with Nd:YAG
laser at 355 nm was estimated to be 6 x 10'° W em~2 [31].

Our first step was to study the influence of different experimental
parameters (e.g., gas pressure, laser energy, beam size, the number of
accumulated pulses, and delay time) on the reproducibility of the

Intensity [Counts/sec]
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Table 1
Results of the XRF analysis of W/Cu calibration samples.

Concentration (wt%)*

Trade name Cu w Zn Ni Cr Other elements
w - 100 - - - -

W93Cu7 109 87 1.6 0.47 - 0.03
W90Cul0 12.9 84 1.9 0.56 0.23 0.41
W80Cu20 24.3 72 2.8 0.78 - 0.12

W70Cu30 35.3 59 3.0 1.5 0.11 1.09

measured spectral line intensities. All LIBS measurements reported in
this study were done in an argon atmosphere, as it was shown that the
inert background gas provides almost uniform spatial distributions of
plasma temperature and densities [33,34].

3.2.1. Optimization of the LIBS experimental parameters

The influence of Ar pressure on the spectral emission intensity was
studied within the pressure range spanning from vacuum conditions to
1 atm. Fig. 3 shows that, in the analyzed pressure range, the highest
signal-to-noise ratio (SNR) of spectral lines was obtained at 10 mbar,
hence this pressure was chosen as optimal.

The influence of delay time on the intensity of Cu1521.82 nm and W
522.47 nm lines is illustrated in Fig. 4 (a), while the SBR and signal-to-
noise ratio (SNR) for a copper 521.82 nm line is illustrated in Fig. 4 (b).
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Fig. 3. The influence of Ar pressure on the signal-to-background ratio of Cu
521.82 nm line.
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Fig. 2. Segment of the XRF spectra of W and W/Cu samples used as calibration standards for LIBS.
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Fig. 4. (a) LIBS spectra of W93Cu7 showing Cu I 521.82 nm and W I 522.47 nm lines recorded for different gate delay times. Laser energy 100 mJ, gate 20 ns, spot
diameter 1 mm. Each spectrum represents an average of ten measurements consisting of 10 accumulated consequent laser shots. (b) The SNR and the SBR of Cu

521.82 nm line, as a function of the delay time.

The highest SBR and SNR values were obtained for a delay time of
around 1.5-2 ps.

The laser pulse energy threshold required for creating plasma usable
for spectrochemical analysis was determined to be 30 mJ. As shown in
Fig. 5, the intensity of W and Cu demonstrated a proportional increase
with elevated laser energy. Nevertheless, when the beam is focused on
the target and the laser energy surpasses 50 mJ, the ratio of line in-
tensities (CuI 521.82 nm / W I 522.47 nm) remains constant. Uniform
evaporation of both components was achieved at energies exceeding 50
mJ, resulting in a constant line intensity ratio at higher laser pulse en-
ergies. A laser energy of 100 mJ was chosen for further LIBS measure-
ments to enhance emission intensity, thereby improving the precision of
intensity measurements and increasing the ablated mass compared to a
pulse energy of 50 mJ (for the same spot diameter).

The spot size required optimization to ensure that the spot diameter
remains significantly larger than the sample grain size. The spot size was
optimized by adjusting the focus, specifically by varying the lens-to-
sample distance to define the surface that would be ablated. Due to
the granulation of the material, the minimal preferable spot size should
be above 100 pm. A spot size of 1 mm eliminated a problem with
inhomogeneous grain size distribution and reduced spectral intensity

a)

Cul

2.5E5+

Laser energy [mJ]

2.0E5

1.5E5

1.0E5+

Relative intensity

5.0E4

0.0

T T T 1
521.5 522.0 522.5 523.0

Wavelegth [nm]

T
521.0

fluctuations.

The minimum number of laser shots needed to obtain reproducible
spectral line intensities was determined to be 10. For the laser pulse
energy of 100 mJ, the spot size of 1 mm, and 100 shots (average of ten
measurements of 10 accumulated consequent laser shots), the relative
standard deviation of the intensity ratio of the selected Cu and W lines
was around 5%.

Because the measured line intensities may vary due to the interaction
of the plasma with the crater walls, the plasma confinement, or plasma
cooling by the crater walls, the influence of crater depth on the
measured LIBS intensity was also investigated. Fig. 6 (a) shows spectra
recorded for a sequence (1-800) of laser shots applied to the same spot
on the W90Cu10 target. The effect of the crater depth on the intensity of
Cu I 521.82 nm and W I 522.47 nm line and Cu/W intensity ratio is
shown in Figs. 6 (b-d). The variation of the line intensities is more
pronounced than the variation of the Cu/W intensity ratio. After the
100th shot at the same position, the influence on the measured Cu/W
intensity ratio is significant, i.e., it decreases with a further increase of
the crater depth. A possible explanation for such behavior could be a
more significant effect of the changed plasma parameters (caused by
crater walls) on the intensity of the line with lower excitation energy.
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Fig. 5. (a) Effect of laser pulse energy on the LIBS emission of Cu I 521.82 nm and W 522.47 nm line. b) The influence of pulse energy and fluence on the Cu/W line

intensity ratio. Target W93Cu7; delay 1.5 ms; gate 20 ns; spot diameter 1 mm.
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Fig. 6. (a) LIBS spectra recorded for a sequence (1-800) of laser shots applied to the same spot on the W90Cu10 target. (b-d) The effect of the crater depth on the

intensity of Cu I 521.82 nm and W I 522.47 nm line and Cu/W intensity ratio.

Therefore, the influence of crater depth on the measured Cu/W intensity
ratio was negligible for the number of pulses applied in this work.

3.2.2. Plasma diagnostics

LIBS spectrum recorded for the W70Cu30 sample was used to
determine the excitation temperature from the Boltzmann plot of the
selected W and Cu spectral lines. In order to cover a large spectral
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window (320 nm to 550 nm), several consecutive LIBS spectra were
recorded, each covering a spectral portion of about 60 nm. The experi-
mental parameters (laser energy, focusing, delay and gate time, and the
number of accumulations) were held constant. Under our experimental
conditions, only lines generated by neutral and single ionized W and Cu
species can be detected. The list of lines and their spectral parameters
(taken from the NIST Atomic Spectral Database [35]) are given in the
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Fig. 7. a) Boltzmann plot of Cu and W spectral lines, and b) Experimental profile of the H, line fitted to a Voigt function.
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Fig. 8. LIBS spectra of the W93Cu7 alloy sample. Experimental conditions: Nd:YAG pulse energy 40 mJ; wavelength 532 nm; frequency 10 Hz; delay 0.5 ps; gate 2.5

ps; 10 mbar argon.

Appendix. The temperatures obtained from Boltzmann plots (Fig. 7a)
were 8900 K, 9400 K, and 10,400 K for W I, W II, and Cu [, respectively.
A Boltzmann plot using copper ionic lines was omitted because it had
poor calculation accuracy of the plasma temperature due to a low
number of identified Cu II spectral lines.

The electron number density was determined from the Stark width of
the Balmer alpha line of the hydrogen, which is always present in the
tungsten as an impurity (Fig. 7b). This line was chosen due to the low
Balmer beta line intensity caused by the small amount of hydrogen. The
line width was determined under the approximation that the line profile
can be described with a Voigt function. The deconvolution of a Voigt
function was performed using the Levenberg-Marquardt nonlinear
fitting algorithm for minimum squares, with the Gaussian FWHM fixed,
assuming that the Lorentzian component, wy, is due to Stark broadening.
The Gaussian fraction (wg) is assumed to be a combination of the
instrumental (w;) and the Doppler broadening (wp): wg = (W% + w; 205
= (0.05% + 0.11%)%% = 0.12 nm. To calculate N, an approximate for-
mula was used [36,37]:

» . . WL[nm] 1.47135
Nefm] =10 '<1‘098)

The estimated value of N, was 2.5 x 10?2 m~3.

3.2.3. Univariate calibration
Characteristic spectra of the W/Cu composite sample in the 300-660

Table 2
Comparison of theoretical and experimental ratios of spectral line intensities.

nm spectral range are shown in Fig. 8.

The possible influence of self-absorption was checked by comparing
the experimental and theoretical ratios of line strengths within multi-
plets [38]. Based on the results shown in Table 2, it was concluded that
the influence of self-absorption on the measured intensities of W and Cu
lines could be neglected.

LIBS spectra of pure W and four W/Cu composite samples (Table 1)
were used to construct a calibration curve. The spectra were recorded
using the standard LIBS setup described in the experimental section
using an optimized set of parameters: pulse energy 100 mJ; spot diam-
eter 1 mm; delay 2 ps; gate 20 ns; 100 accumulations (average of ten
measurements of 10 accumulated consequent laser shots). LIBS spectra
of calibration samples are shown in Fig. 9 a.

Because the selected Cu and W lines overlap, integral intensities of
these lines were determined using their approximation with Voigt
functions. The line fit was performed using the Levenberg-Marquardt
nonlinear fitting algorithm for minimum squares, with the Gaussian
FWHM fixed (w; = 0.11 nm). The calculated contribution of Doppler
broadening was negligible for temperatures around 10,000 K, 0.005 nm
for the Cu 521.82 nm line, and 0.003 for the W 522.47 nm line. The
selected line pair was suitable for the Cu concentration range considered
in this study. For samples with a low concentration of Cu, the intensity
ratio of the strongest Cu I line at 324.75 nm with some of the nearby W
lines (e.g., W I 320.72 nm) may be used.

A linear relationship was obtained between the Cu I 521.82 nm and

Configuration A1 (am)/Ay (nm) R = L,1/I)5 (theor.) R = L,1/I,2 (exp.)
413.74 / 407.06 2.11 2.10
wi 5d46s2 - 5d5(65)6p 436.48 / 407.06 0.32 0.29
Cul 3d94s2 - 3d104p 510.55 / 578.21 2.42 2.27
3d104p - 3d104d 515.32 / 521.82 0.53 0.56
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Fig. 9. (a) LIBS spectrum of W/Cu composites; (b) Calibration curve for Cu from the ratio Ic, 1/Iw 1.

W I 522.46 nm line intensity ratio and the Cu concentration (Fig. 9 b).
The calibration curve prediction error, calculated as a Root Mean Square
Error (RMSE), was 0.598. The normalized value of the RMSE was 8.6%.

3.3. LIBS depth-profile analysis

A W/Cu functionally graded material (W/Cu FGM), i.e., tungsten
with infiltrating copper along the sample thickness direction, was
exposed to a variable number of Nd:YAG laser pulses. Time-resolved
LIBS spectra were recorded to monitor the corresponding W and Cu
spectral line intensity changes. The proposed depth profile analysis
method was performed by combining the LIBS spectral analysis with the
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results of 3D-optical profilometry used to establish the depth of the
ablation craters [39]. Fig. 10 shows 3D surface profiles of craters created
on a W/Cu target after the increasing number of laser pulses irradiated
the same spot on the target.

Corresponding 2D cross-sectional profiles used to evaluate the depth
of the craters are shown in Fig. 11 a. A relationship between the number
of laser pulses and crater depths is shown in Fig. 11 b.

As seen in Fig. 11 a, the paraboloid function describes the crater
shape well. The volume of a paraboloid is given by V = 1/2 1 r* h, where
r is the radius of the circular “cap” of the paraboloid and h is the axial
height of the paraboloid. In our case, the radius of the surface damaged
area was taken as r and the crater depth as h. Using this equation, the
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Fig. 10. Surface map of the W/Cu FGM target exposed to a different number of laser pulses.
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Fig. 11. (a) 2D profile of craters created on W/Cu target by a different number of laser pulses. (b) Crater depth as a function of the number of applied laser pulses.

Table 3
Characteristic parameters of craters created on W/Cu FGM target.

Number of pulses Spot diameter (mm) Crater depth (pm)

Spot surface area Crater volume Ablated mass* (ug)

(10’4 cmz) 1o’ cms)
25 0.16 29 2.0 3.0 5.7
50 0.16 47 2.0 4.8 9.2
100 0.16 69 2.0 6.9 13
200 0.20 120 3.1 19 36

" Calculated using tungsten density of 19.28 g/cm®.

volume of the ablated material was calculated. Characteristic parame-
ters of craters used to estimate the ablated volume and mass of the ab-
lated material are given in Table 3.
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Fig. 12. LIBS spectra of a W/Cu-based gradient material. Laser energy 40 mJ;
spot diameter 0.16 mm; delay 0.5 ps; gate 2.5 ps; 10 mbar argon.

Table 4
Copper content at different depths of the W/Cu FGM sample.

LIBS spectra of a W/Cu target irradiated by an increasing number of
laser pulses applied to the same target spot are shown in Fig. 12. As the
figure shows, the intensity of a copper spectral line at 521.82 nm de-
creases with the increasing number of applied laser pulses, suggesting
copper content gradually reduces from the top. The line disappeared
from the spectra after 200 laser shots, indicating the complete removal
of a layer containing a gradient concentration of Cu. Based on the ob-
tained results, we estimated the depth of inbound copper into tungsten
to ~120 pm. The copper concentrations at different depths were esti-
mated from the calibration curve (Fig. 9 b) using a measured Cu I
521.82 nm and W I 522.46 nm line intensity ratios. The results are
shown in Table 4.

4. Conclusion

The results have shown that a standard LIBS setup based on Nd:YAG
laser using a medium spectral resolution spectrometer can be success-
fully applied to quantitative analysis of W/Cu functionally graded ma-
terials relevant to fusion technology.

For the W/Cu composite with Cu in the 10.9% - 35.3% concentration
range, a linear relationship was found between Cu I 521.82 nm to W I
522.46 nm spectral line intensity ratio and Cu concentration. Under
optimized experimental conditions (fluence, delay and gate time,
number of accumulations), the selected W and Cu lines used to construct
a calibration curve were optically thin.

It should be noted that the suitability of the W/Cu samples selected

Number of laser shots Depth (pm) Intensity ratio Cu concentration (%)
CuI521.82/W1522.46

1 0.9 12 30+3

25 29 1.5 2.0+0.2

50 47

100 120

0.7 0.39 + 0.03
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for the calibration technique should be carefully checked. Depending on
the manufacturing processes, the grain size, shape of grains, distribution
of additives inside the tungsten matrix, or other characteristics of W-
based composites may influence the accuracy of LIBS analysis.

The copper concentration along the sample thickness direction was
obtained by combining LIBS spectral analysis and optical profilometry
results. The applied protocol may be suitable for depth profile analysis of
tungsten-based composite in the fusion reactor, i.e., a transition layer
between W tiles at the first wall of the reactor and cooling channels
made of CuCrZr.
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Abstract. In this paper, the determination of composition of certified samples of austenitic steel alloys
was done by combining laser-induced breakdown spectroscopy (LIBS) technique with machine learning
algorithms. Isolation forest algorithm was applied to the MinMax scaled LIBS spectra in the spectral
range form (200-500) nm to detect and eject possible outliers. Training dataset was then fitted with random
forest regressor (RFR) and Gini importance criterion was used to identify the features that contribute the
most to the final prediction. Optimal model parameters were found by using grid search cross-validation
algorithm. This was followed by final RFR training. Results of RFR model were compared to the results
obtained from linear regression with £2 norm and deep neural network (DNN) by means of R? metrics
and root-mean-square error. DNN showed the best predictive power, whereas random forest had good
prediction results in the case of Cr, Mn and Ni, but in the case of Mo, it showed limited performance.

1 Introduction

The structural materials of fusion reactors are sub-
jected to thermal, mechanical, chemical, and radia-
tion loads. Due to their excellent manufacturability,
good mechanical properties, welding ability, and cor-
rosion resistance, austenitic stainless steels were chosen
as structural reference material for ITER [1]. In addi-
tion, entire vacuum vessel of LHD stellarator in Japan
is made of austenitic steel [2], and to diagnose the com-
position of the deposits on the fusion reactor’s first
wall, test targets made of austenitic steel (AISI 316 L)
were settled at ten positions on the first wall [3]. Laser-
induced breakdown spectroscopy (LIBS) is one of the
emerging analytical technique that is non-destructive,
easy to use and requires little to no preparation of the
sample [4]. Therefore, it represents a great tool for the
analysis of the composition of austenitic steel samples.
There are two main approaches to the LIBS analysis,
namely standard calibration method and calibration—
free method [5]. In the method where calibration curve
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is constructed, a connection between one integrated line
intensity and known concentrations is established, thus
enabling the determination of unknown concentration.
This method is by far the most used one. Alterna-
tively, one can assume local thermodynamic equilib-
rium (LTE) in plasma and use Saha-Boltzmann equa-
tion to obtain plasma temperature and density, and
from this the unknown concentrations regardless of the
matrix effect. Machine learning algorithms have been
successfully applied in analysis of Raman spectra, NIR,
and THz spectroscopy, vibrational spectroscopy, fusion
plasma spectroscopy, etc., just to name a few [6-10].
In recent years, to speed up the analysis of LIBS spec-
tra, machine learning methods are being used inten-
sively [11-14]. These methods involve the usage of
principal component analysis (PCA) for dimensionality
reduction, support vector machine (SVM) for classifica-
tion purposes and partial least squares regression (PLS)
for multivariate regression problems [15]. Also, for clas-
sification or regression problems, many authors applied
back propagation neural networks (BPNN) or convolu-
tional neural networks (CNN) to the LIBS spectra in
order to perform quantitative analysis of different sam-
ples [16-20]. Other regression algorithms, like random
forest regression (RFR), have also been widely used [21—
24]. Random Forest was constructed and reported by
Breiman [25], and it is based on the ensemble of decis-
sion threes, where the decision or prediction is made

@ Springer
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by the majority prediction. This algorithm was pre-
viously applied on steel spectra by Zhang et al. [26]
where they showed that this regression could be applied
for the determination of composition of steel alloys.
Later, Zhang with his collaborators used BPNN com-
bined with SelectKBest algorithm for feature selection
to trace minor elements in steel samples [27]. Liu and
his coworkers also used random forest, combined with
permutation importance feature selection to train and
predict the composition of steel alloys [28]. Gini impor-
tance criteria was also used previously in combination
with random forest on classification problems [29,30],
but here we are applying it to regression problem.

In this paper, we will consider three algorithms, ran-
dom forest, linear regression with £2 norm and deep
neural network (DNN) to predict steel samples com-
position. Instead of making our own database, we will
use the dataset published at the LIBS 2022 conference
site [31] and record our own test dataset under similar
conditions to check how much these small differences
affect the final model performance. Idea to use RF algo-
rithm is twofold. On the one end, it is able to catch non-
linear phenomena in the data, on the other end to see
to what extent we can use already implemented Gini
importance criteria within RF to make good regression
model. Although simple neural networks have yielded
good analytical prediction in the past, in general, they
are hard to train (better said, it is not easy to find most
favorable architecture), so we wanted to see how close
RF predictions are going to be with respect to DNN.

The paper is organized as follows: In the first section,
a brief introduction and overview of previous results
is given. In Sect. 2, the experimental setup and sam-
ple preparation is described. Section 3 gives the detail
description of applied methodology and data prepro-
cessing, while the results are given in Sect. 4. Finally,
we gave the conclusion of this work in Sect. 5.

2 Experimental setup and sample
preparation

Experimental setup is shown in Fig. 1.

The setup is a classical LIBS setup consisting of
Quantel Q switched neodymium-doped yttrium alu-
minum garnet (Nd:YAG) laser having pulse width of
6 ns, repetition rate of 10 Hz, pulse energy of 96 mJ
and operated at fundamental wavelength A = 1064 nm.
Laser beam was reflected from 45° angle mirror M and
focused via lens L onto a target mounted on a z—y
micrometric moving stage by a lens of focal length f =
11 cm. Light emitted from plasma was collected using a
fiber optic cable with collimator having a focal length
of ffe = 4.4cm and directed onto the 50 pm width
entrance slit of Mechelle 5000 spectrograph that can
record spectra from 200 to 950 nm. As a detector, we
used Andor iStar ICCD camera (model DH734, 1024
x 1024 pixels) cooled to —15 °C. Camera was trig-
gered with a photodiode and gated by usage of Stan-
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ford Research digital delay unit (model DG535). Delay
from laser pulse was set to 0.6 pus and the gate width
was set to 50 ws.

Steel samples used in this work were AISI steels with
certified composition from National Bureau of Stan-
dards (NBS, today NIST), whose elemental composi-
tion is given in Table 1.

Sample mentioned above, austenitic steel AISI 316 L
lies in between these tested models (concentrations of
main elements: Cr 17%, Ni 12%, Mo 2% and Mn 2%).
Fach sample was firstly polished by sandpaper 200, fol-
lowed by polishing it with sandpaper 600. In front of
laser beam, external shutter was placed, coupled with
laser pulse counter. Counter was set to 16 counts, as it
is a binary counter, and after 16 pulses, the shutter is
closed for another 16 pulses. This represents one acqui-
sition of the spectra. For each sample, we recorded 22
spectra from different places on the target, and each
spectra is a result of averaging 20 acquisitions on the
same place (this gives 320 individual laser shots per
place on the target). To further improve and increase
signal, electrical gain of the camera was set to 80 (on
the scale of 0-255).

3 Methodology and data preprocessing

Database used in this paper was downloaded from LIBS
2022 website [31]. This database consists of a spectra
of 42 different steel samples, and for each sample, a
50 single-shot spectra were taken. This gives in total a
database of 2100 spectra samples divided into 40,002

Fig. 1 Experimental setup. Laser (Quantel, A = 1064 nm,
pulse width 6 ns, peak energy 96 mJ) was focused via lens L
onto the movable target and plasma spectrum was recorded
by Andor iStar iCCD camera mounted on Echelle spectro-
graph. Camera gating was done by Stanford Research Dig-
ital Delay Generator (DDG, model 535) and triggered by
photodiode (PD). Mirror M and lens L are integrated within
a laser head, which was not drawn on this figure
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Table 1 Steel alloy certified composition
Steel number Steel type Cr Mn Mo Ni
443 Cr18.5-Ni9.5 18.5 3.38 0.12 9.4
445 AISI 410 13.31 0.77 0.92 0.28
446 AIST 321 18.35 0.53 0.43 9.11
447 ATSI 309 23.72 0.23 0.053 13.26
In the spectra normalization step, two normalizations
were tried to later adopt the best one, and those were
Raw Data total spectral area normalization, and standard nor-
mal variate (SNV) normalization. First one is clear,
whereas SNV normalization represents a spectral nor-
malization tool that mean centers the spectra and then
divide each mean-centered intensity with its standard
Y deviation [32]:
Data 2 o Iold - Imean
preprocessing Liew = E— (1)
where ey is the new intensity, I,1q is the intensity that
is being mean centered, I ean is the mean intensity and
v o is standard deviation of intensities. Besides these two,
MinMax data scaling was also tried. MinMax scaling
Feature represents procedure where for each feature, we scale
selection the values according to the formula below, so we have
feature values between zero and one:
I— Imin
1, =— 2
scaled Imax - Imin ( )
Y
Proceeding further, we detected and ejected outliers
Model training with the help of Isolation Forest algorithm implemented
in sci-kit learn. After the outliers have been removed,
we fitted Random Forest regressor with aim to find fea-
tures that give the most contribution to the final result.
To achieve this, we actually trained four random forest
v models, one for each element, to have features that con-
tribute to the each element prediction separately. Fea-
Model ture importances were calculated within random forest
verification algorithm by usage of Gini importance. The higher the

Fig. 2 Flowchart of procedures taken in this work

columns (each column corresponds to one wavelength).
The flow diagram of our methodology is given in Fig. 2.
For machine learning part of this work, we used python
public repository scikit-learn.

3.1 Data preprocessing

Firstly, we restricted our dataset to the spectral range
between 200 and 500 nm, as this is the spectral area
where the most emission lines of metals of interest
can be found. It is worth mentioning that all training
dataset spectra were not intensity corrected. Therefore,
no intensity correction was done on the test dataset.

value, the more valuable this feature is to the final pre-
diction.

3.2 Hyperparameters tuning and model selection

To find the optimal parameters of the model, we
performed GridSearch cross-validation. This validation
technique takes the given model parameters and initial-
izes the model of interest with these parameters, splits
provided dataset into training and test datasets, fits the
model and reports the accuracy of the model through
R? coefficient. This procedure is done five times in a
row for each set of model parameters, where, at the
end, for each model algorithm reports the best perfor-
mance and with which parameters they were obtained.
Used metrics to assess the predictive performance of the
models were coefficient of determination R? and root-
mean-square error (RMSE). With optimal parameters
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Fig. 3 Results for feature importance analysis for Cr and Mn (a, b) and Mo and Ni (c, d)

found, we proceeded to final model training and finally
the prediction of steel samples composition.

4 Results

The results of feature importance analysis is given in
Fig. 3. It is evident that the algorithm successfully rec-
ognized and selected persistent line of Mo II at 281.61
nm (see Fig. 3c¢)). Also in Fig. 3d), lines of Ni II at
239.45 nm and 241.6 nm were successfully identified.
Great importance was also given for Cr II lines around
285, 286, 287, 313 nm, as well as to Cr II line at 336 nm
(see Fig. 3a)). Unimportant features have value of zero
or close to zero, so the condition threshold was set to
1074,2x 107% and 5 x 10™%, while the best results were
obtained for threshold 2 x 10~%. Hence, the final dimen-
sionality of dataset used to train the final model is given
in Table 2.

In GridSearch cross-validation, parameters for ran-
dom forest that were supplied to the algorithm were
number of estimators (number of threes in forest) which
was changed from 200 to 350 in the step of 50, and maxi-
mal depth of the individual three which was varied from
none to 4. None here means that the three is going to
expand until all leaves are pure. In the case of linear
regression, the only parameter that could be changed
is £2 norm penalization coefficient o, and we have cho-
sen the values of 0.5, 0.8 and 1. For DNN, considered

@ Springer

architectures were ones with one, two and three hid-
den layers [(100), (100, 100) and (100, 150, 50)]. Num-
bers in parentheses represent number of neurons in each
hidden layer. Activation function was ReLU (Rectified
Linear Unit). Best results reported for all models were
ones with MinMax scaling. For RF, best results were
the ones where number of threes was equal to 350 and
maximum depth that was set to none. Best results with
linear regression were reached for the a parameter equal
to 0.8. Finally, for DNN, architecture with three hidden
layers showed best performance. After dimensionality
reduction via Gini importance, resulting dataset was
divided into training and test datasets, keeping 20%
of the data for testing. Validation of the models was
done by using R? metrics and RMSE, and it is given in
Table 3.

With model training finished, judging by the R?
score, best overall performance is showed by deep neu-
ral network. The prediction precision for each element
goes above 0.9, whereas the predicted values in the case
of RF are little less. Results for linear regression are not
given, since they are significantly worse than these, thus
they were omitted. Prediction on recorded test dataset
was done with RF as well as with DNN, and the pre-
dicted results are summed in Fig. 4. From Fig. 4a—d,
it can be seen that DNN showed good performance on
all elements, while the predictions made using RF are
quite good for the case of Cr, Mn and Ni, but it showed
bad overall performance regarding the prediction of Mo,
see Fig. 4d. There was no difference when we tried to
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Table 2 Dimensionality and number of samples in training dataset used for model training

Element Number features Number of samples
Cr 273 1608
Mn 129 1608
Mo 317 1608
Ni 120 1608

All useful information is contained in these selected features

predict Mo concentration with all features, where unim-
portant features were not removed.

5 Conclusion and future development

In this paper, the prediction of austenitic steel alloy
samples was done using the random forest algorithm
and deep neural network. Data preprocessing consisted
of applying MinMax scaler on the raw data, followed by
outliers removal with isolation forest algorithm. Feature
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selection was performed by Gini importance criterion
within random forest algorithm. It successfully isolated
most important features, thus enabling the dimension-
ality reduction while keeping all the necessary infor-
mation. This was preceded by final training of three
models: random forest, linear regression with £2 norm
and deep neural network. Random forest and neural
network showed better predictive power than linear
regression; hence, they were used as selected models
for prediction of the steel alloy composition. Trained
random forest model showed good predictive power for

Ni
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Fig. 4 RFR and DNN predicted results (denoted with RF and NN on the figure) and comparison with certified values.
Numbers on x-axis denote the steel sample number given in Table 1. The figure indicates that the models learned and
yielded good results in the case of Cr (a), Mn (c) and Ni (b), but on the other hand, RFR had rather poor performance in

the case of Mo (d)
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Table 3 R? and RMSE values for validation dataset

Element Rirr Rixn RMSERr RMSExn
Cr 0.88 0.97 3.68 1.84

Mn 0.89 0.93 0.397 0.313

Mo 0.85 0.96 0.511 0.263

Ni 0.97 0.98 1.77 1.21

Cr, Ni and Mn, but rather poor performance in the
case of Mo. On the other hand, neural network showed
good overall predictive power. Nevertheless, random
forest algorithm, combined with the data preprocess-
ing techniques, shows a good potential for application
in austenitic steel alloy composition prediction, which
was also confirmed by results from other authors. For
future work, we tend to write a better feature extraction
software that should improve the feature selection and
hence the predictive power of a used regressor. Also,
good overall results are obtained, although the train-
ing and test datasets were not intensity corrected. This
work shows how useful it can be, to build a unique steel
dataset for later usage by different authors, as they not
need to every time record their own datasets. These
results can be further improved, if one performs cali-
bration transfer, as these spectra were recorded on dif-
ferent instruments. Here, this was not performed as we
have not had any identical standard that was used on
primary instrument.
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Abstract. Artificial neural networks are gaining a momentum for solving com-
plex problems in all sorts of data analysis and classification matters. As such,
idea of determining their usability on complex plasma came up. The choice
for the input data for the analysis is a set of stellar spectral data. It consists
of complex composition plasma under vast variety of conditions, dependent on
type of star, measured with calibrated standardized procedures and equipment.
The results of the analysis has shown that even a simple type of perceptron
artificial neural network could lead to results of acceptable quality for the anal-
ysis of spectra of complex composition. The analyzed ANNs performed good
on a limited data set. The results can be interpreted as a figure of merit for
further development of complex neural networks in various applications e.g. in
astrophysical and fusion plasmas.

Key words: Atomic processes—Line: profiles-astrophysical & fusion plasmas

1. Introduction

The usage of machine learning algorithms is a growing field of research (D’Isanto
et al., 2016; Baron, 2019; Kates-Harbeck et al., 2019). Since the computer power
is constantly growing its usage is often found in a wide variety of applications:
from determination of objects on a photograph all the way to expert systems
capable to determine adequate states and predicted outcomes of complex sys-
tems; from difficult-to-maintain machines states and prediction of conditions,
up to the assistance in human health monitoring.

Even the specific fields of spectroscopy rely deeply on artificial neural net-
works, as is the case for instance with medical spectroscopy application Wang
et al. (2015), or for instance agricultural application Basile et al. (2022); Longin
et al. (2019). The material recognition in extraterrestrial spectroscopic probing
is also a very difficult task, since the limitations of the mass and resolving power
of the onboard instruments are a very difficult limiting factor (Koujelev et al.,
2010; Bornstein et al., 2005).
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Usage of the artificial neural networks (ANN) fell into focus of our interest
because of flexibility of their application, as well as a variety of complex problems
that they have already solved.

All of the mentioned has been a factor for applying neural networks to the
decision process of determining a stellar spectral type as an example of appli-
cation on astrophysical data (Albert et al., 2020). Artificial neural networks are
often used in astrophysics (e.g. for the integral field spectral analysis of galaxies
in Hampton et al. 2017). There is an expectation of development of further focus
on convolutional neural networks application on spectroscopic data (Castorena
et al., 2021). Also, even more complex predictions based on back-propagation
in neural networks as well as complex artificial neural networks structures in
spectroscopic usage are known (Li et al., 2017). In order to have insight of ap-
plicability of the ANN usage we have limited our research on simplest case as a
figure of merit.

Few random spectral curves from database Pickles (1998) are presented here
in results. Entire database set consists of spectra for 12 types of stars, spectral
type O normal; B normal; A normal; F normal; F Metal rich; F metal weak; G
normal; G Metal rich; G metal weak; K normal; K Metal rich; K metal weak;
and M normal. Our aim was to create test case as a method of determining
a quality of specific ANN in various machine learning analysis, from stellar
and fusion spectra analysis, material analysis, up to extremely specific cases
as enhancing a low resolution instrument performance for specific applications
(Marinkovié¢ et al., 2019; Albert et al., 2020).

2. ANN basics and principles

The usage of systems related to the functions of neural networks has been in
focus of investigation since mid-1940 McCulloch & Pitts (1943), but the real
usage has evolved with the application of modern day digital computers, which
enabled construction of networks of enlarged complexity. One of the simplest
neural networks, that could be seen more as a test case of validity of operation of
artificial intelligence systems, is perceptron (Rosenblatt, 1958). The prediction
as well as sensitivity of the training data set is in favor of more complex net-
works. It is the primary goal of our investigation, along with their application
on spectral data sets and measurements.

The choice for the dataset was made on open access data files for the 131
stellar spectra published by Pickles (1998) (available at accompanying refer-
ence appended to the bibliographical entry, as seen in May 2022). The results
are promising and further research on the field is expected. The quality of the
trained artificial neural network prediction is related to the data set as well as
its structure. An effort of applying it on a large scale dataset or database should
be carried out.
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The problem of finding out a category of data subset is an inherent problem
for any sort of machine learning and as such for the artificial neural networks
also. The artificial neural network is a system of mathematical functions trying
to resemble a simplified animal brain. The network consists of artificial neurons.

Output

Acrivation
function

Figure 1. The concept of a neuron. Schematic presentation.

A neuron is described as a function that adopts output value based on its
input values and bias value by the means of reaction function. The simplest
neuron concept could be seen on a Figure 1. The neuron determines its output
state as an output of activation function based on a weighted sum of input
values and a bias value itself, and could be described by equation

N
Yout = fact (BiaS + Z xiwi> , (1)

i=1
where f,; is a activation function, x; and w; are the i-th input value as well as
adequate input weight.
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Figure 2. Four most common neuron reaction functions.

The neuron reaction on external stimulus is strongly dependent on its reac-
tion function. In order to determine the neuron behavior on a micro scale, the
reaction function as well as the method of adopting the weight values plays a
determining role. Four most common reaction functions are shown on Figure 2.
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Input Hidden layers of the ANN Output
layer layer

Figure 3. Concept of ANN of perceptron, feed forward and deep feed forward.The
shown ANN consist of M input neurons, two hidden layers of N and P neurons and
output layer of Q neurons.

A topology of the neural network as well as the learning method are de-
termining the global reaction of the neural network. For the goal of usability
analysis the simplest ANN topologies, perceptron, is chosen. The Feed Forward
and Deep Feed Forward topologies are based upon fully connected dense layers
of neurons, see Figure 3. The two specific layers, input and output, have the
dimensionality of the input data and output states consequently and are the
only limiting factors of the network. When there is more than one hidden layer,
the neural network is considered to be the deep one.

3. Results and discussion

In Figure 4 several random spectral curves from database Pickles (1998) are
presented. Entire dataset consists of spectra for 12 types of stars, spectral type
O normal; B normal; A normal; F normal; F Metal rich; F metal weak; G normal;
G Metal rich; G metal weak; K normal; K Metal rich; K metal weak; and M
normal. Each epoch of the dataset was divided into 70% for training set and
30% for the test set.

As a test bench for the application of the ANN to the selection set of per-
ceptron, Feed Forward and Deep Feed Forward networks are used. As a reaction
function ReLU (rectified linear unit) was used, and the input data was normal-
ized to unit using standardization
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No additional data preparation was imposed. The investigated neural net-
work topologies were let to train on the set of data for 200 epochs. Input layer
consisted of 4771 input values of available data, output layer consisted of 12
types of stars, spectral type O normal; B normal; A normal; F normal; F Metal
rich; F metal weak; G normal; G Metal rich; G metal weak; K normal; K Metal
rich; K metal weak; and M normal. The hidden layers consisted of 5000 neu-
rons in first, 1000 in second and 512 neurons in third layer. They were included
consequently in order to compare ANN behavior, see Figure 5.

It is obvious, by the analysis of calculated data presented in Figure 5, that
the deeper ANNs are capable to learn faster and have better predictions after
smaller epochs of learning. This capability is a winning solution in the case of
complex spectra. The ANN could fall into pseudo stable states and produce
a non-minimal error. Such falls into local minimum state could be avoided by
several advanced methods one of which is providing an algorithm for forgetting
of the learned state, e.g. algorithm that disturbs a learned state after each
application.

Also, there are probably better methods for the input dataset preparation,
from pure mathematical procedures up to convolutional ANN (CNN) incorpo-
ration. It is proven that, even in its simplest forms, ANN could be used for such
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ANN convergence by learning epochs
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Figure 5. Convergence of ANN of perceptron, feed forward and deep feed forward,
on analyzed dataset.

tasks. It is to expect that there are better ANN topologies for such a task, and
this is a field for further investigation.

From the above it is obvious that even in its crudest form artificial neu-
ral networks are capable to successfully deal with the spectra classification. It
is confirmed that this case could be used as a figure of merit for the further
development of ANN and machine learning applications in general.

4. Conclusions and future possibilities

The results are promising and the further research on the field is expected. The
first goal of analysis of a single set of complex spectral data recorded under sim-
ilar conditions is achieved with reasonably good prediction. Concerning minute
differences in comparison to each other it is considerable result for the basic
ANN structure.

Since the quality of the trained artificial neural network prediction is related
to its structure as well as the dataset quality and volume, an effort on a large-
scale database collection should be carried out. One of the first steps should
be inclusion of pre-trained convolutional ANN for the purpose of input data
pre-processing before entering of selector ANN.

Commercial packages as well as some specific open-source solutions for the
analysis of the spectra with the help of predefined ANN exist. Their application
is usually very specific and does not allow the opportunity to fit the best ANN
nor to perform unique mathematical procedures during input data preparation
that could be best suited for the sought purpose. This possibility is the winning
factor in each specific case. Such approach should enable systems for more spe-
cialized problem solutions, from stellar and fusion spectra analysis up to more
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specific expert systems related to technical solutions. The further development
in both ANN structures as well as data preparation should be carried out with
the specified problem in mind.
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Abstract. Regularites and systematic trends among the sample of Stark widths
obtained by using modified semiempirical method from the STARK-B database
were analysed. Two different approaches are independently used — multiple re-
gression method combined with simple cluster analysis, and random forest
(RF) machine learning algorithm. Predicted values of Stark widths calculated
with estimate formulae obtained from multiple regression method, and those
values predicted by using RF algorithm, were compared with already known
corresponding experimental Stark widths published elsewhere. Results of this
analysis indicate that both of these methods can mostly predict new Stark
width values within the acceptable range of accuracy.

Key words: line profile — Stark broadening -— atomic data — machine learn-
ing

1. Introduction

Stark broadening theory plays the important role in investigation of high tem-
perature dense plasma, where the collisional processes between the charged par-
ticles contribute significantly to the spectral line broadening. From technological
perspective, Stark widths and shifts of spectral lines in the spectra of neutral
atoms and ions are of interest for a number of problems - for example, analysis
and modelling of laboratory, laser produced, fusion or technological plasmas,
accurate spectroscopic diagnostics and modelling, etc. Applications of Stark
broadening theory are also various in research of astrophysical plasma as well -
for example, for interpretation, synthesis and analysis of stellar spectral lines,
determination of chemical abundances of elements from equivalent widths of ab-
sorption lines, opacity calculations, estimation of the radiative transfer through
the stellar atmospheres and subphotospheric layers, radiative acceleration con-
siderations, nucleosynthesis research, etc.
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Calculation of Stark broadening parameters sometimes can be difficult, and
it can take a time, especially if quantum theory is applied. If conditions to ap-
ply less accurate but faster quasistatic, unified, semiempirical or semiclassical
methods are not satisfied, quick and simple estimates could become important,
especially if we do not need a great accuracy, or there is no time for more com-
plicated and more accurate calculations, or if we have a great number of Stark
broadening parameters to calculate in very small period of time. This is very
common case, for example, if astrophysical spectra are investigated. Accord-
ing to (Wiese, Konjevic, 1982), regularities and systematic trends (RST) can
be found among the Stark widths of atomic spectral lines, which can simplify
the way of obtaining these estimates. This is especially significant when some
atomic data, necessary to perform more accurate Stark broadening methods of
calculations, are missing. For example, the lack of atomic data, such as energy
levels or transition probabilities is usually noticed in the spectral data for rare-
earth elements. Analysis based on RST is mostly the only way to determine
Stark widths and shifts in sometimes very complex spectra of these elements,
which become more and more important in spectral investigations of hot stars
of spectral type A and B, and white dwarfs (Popovi¢, Dimitrijevi¢, 1998).

In this investigation, we focused on searching systematic trends among great
amount of Stark widths from STARK-B database (Sahal-Bréchot et al., 2014b,
2015), obtained by modified semiempirical (MSE) method (Dimitrijevié¢, Kon-
jevié, 1981) as a continuation of our previous work on determination of unknown
MSE Stark widths and studying of RST among the MSE Stark broadening pa-
rameters (see, for example, Majlinger et al., 2015, 2017a,b, 2020a). Two different
methods are used to analyse the sample — classical statistical regression method,
which has already been used many times in previous investigations of regular-
ities and systematic trends, and random forest (RF) algorithm from a group
of machine learning methods, which become very popular methods more often
used in these days whenever some classification or non-linear regression is needed
to be performed. Unlikely to previous analyses of RST, here some new atomic
parameters, which have not taken into consideration before, are included. We
will shortly explain both of these methods and finally discuss and compare the
obtained results.

2. Methods

2.1. Simple cluster and multiple regression analysis
Estimates of Stark widths can be divided into three main groups:

— approximations derived from the theory — e.g., Cowley’s formula (Cowley,
1971) or MSE formula (Dimitrijevi¢, Konjevi¢, 1987)

— formulae based on statistical analysis on a large number of existing Stark
widths (see e.g. Puri¢, Séepanovié, 1999; Puri¢ et al., 1978).
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— formulae based on systematic trends noticed without statistical analysis on
corresponding examples (Wiese, Konjevic, 1982).

Whether it is one type or another, the formula for estimating Stark widths for
lines of multiple ionized atoms usually can be expressed as a non-linear function
of atomic and plasma parameters:

wWE = f()‘7NevTa Za EionyEupper;Elower) (1)

Sometimes some of these parameters are included in the estimate implicitly,
through the effective ionization potential x; for level j:

X; = Bion — Ej, j = upper, lower (2)

according to Purié, or effective principal quantum number of the upper (n,) or
lower (n_) level, which has already been used, for example, in MSE theory of
Dimitrijevi¢ and Konjevié (Dimitrijevié¢, Konjevié, 1981):

Z°E
nl = =—= (3)
Xupper
2
n2 — 2 Bn (4)
Xlower

Here Z — 1 is the charge of the ion, wg is the estimated Stark width in A, X
is the wavelength in A, N, is the perturber density in cm™3, Ej is the energy
of the hydrogen atom (or Rydberg constant), E;,, is the ionization energy, and
E; is the energy of upper or lower levels in ecm™! (j = upper, lower).

Immediately after the first article on Stark broadening (Holtsmark, 1919),
simple approximate formulas derived from the theory began to appear. Cowley’s
formula (Cowley, 1971) is probably the best known among them and it is still
commonly used in astrophysics. Cowley (1971) specified three different formu-
las, one for neutral emitters, one for electrically charged emitters (which humble
Cowley contributes to Griem), and one for estimating widths for temperatures
close to 10000 K. The authors use different variants of Cowley’s formula in ad-
dition to the original ones from the article (Cowley, 1971), and the difference
is in the neglect or addition of the lower effective principal quantum number as
a number and in the values of the numerical constant in the formula (see e.g.
Killian et al., 1991; Alwadie et al., 2020).

Jagos Puri¢ made a great effort in studying RST among the Stark width
values. The first works on regularities were published by (Purié, C’irkovié7 1973)
and (Purié¢ et al., 1978). Puri¢ and his co-workers found the correlation between
Stark width and difference between ionization energy and energy of the upper
state (what he called the upper effective ionization potential) and a number
of experimental and theoretical values of Stark widths, offering a set of differ-
ent estimation formulae. In the following decades, a number of papers on this
topic were published, where different correlation parameters were stated for dif-
ferent transitions, different charges and different homologous and isoelectronic
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sequences (see e.g. Miller et al., 1980; Puri¢ et al., 1978, 1993, 1997, 2008). This
statistical research is also supported by some other authors (see e.g. Djenize,
1999; Djenize et al., 2001), with occasional attempts to generalize this approach
for all different transitions, different elements and different charge values (Puri¢,
Séepanovié, 1999; Scepanovic, Puric, 2013). Comparing the great amount of
Stark width data from STARK-B database (Sahal-Bréchot et al., 2014b, 2015),
Puri¢ offered so-called “generalized” estimate (Puri¢, Séepanovié, 1999) which
should be used, according to the authors, “to calculate Stark line widths of
the multiply charged ion of different elements along the periodic table.” These
scientific articles evolve over time, so Puri¢ and co-workers later give up search-
ing for a universal formula for all lines and focus their statistical analysis only
on individual homologous or isoelectronic series (Dojéinovié et al., 2011, 2012,
2013a,b; Tapalaga et al., 2011, 2018; Jevti¢ et al., 2012; Trklja et al., 2019b,a).
However, the possibility to apply all of these estimates to predict new unknown
Stark widths should be furtherly discussed (Majlinger et al., 2017a,b, 2020b).

The final purpose of this research was to find new general estimates accurate
enough to approximately predict the unknown values of Stark widths. Our as-
sumption is that these new estimates should be related on existing estimates, e.
g. Cowley’s from Cowley (1971) and Purié¢’s from Puri¢ and Séepanovié (1999).
However, after investigation of accuracy in prediction of uknown Stark widths
by using of these two estimates, in the cases of MSE calculated electron-impact
widths for Lu III and Zr IV spectral lines, it was obvious that they don’t offer
enough accurate approximation (Majlinger et al., 2017a, 2020b). At least in the
case of Zr IV Stark widths, several possible reasons were suggested to explain
this discrepancy (Majlinger et al., 2017b):

— numerical coefficients in estimations are not properly adjusted

— some important parameters are neglected in equation (1) but significantly
contribute to the result, and

— temperature functions used in previous estimates could be incorrect

According to statistical analysis of Stark widths calculated for 143 transitions
from 26 multiply charged ions of 17 elements using the modified semiempirical
method, (for example, most of them are elaborated by (Dimitrijevié¢, Konjevié,
1981), and previous assumptions, new estimates of Stark widths were found.
After providing simple cluster analysis (Aggarval, V., 2014) and multiple re-
gression analysis (for example Chatterjee, Simonoff, 2014), we concluded that
MSE Stark width sample has to be devided in three separate groups:

1. For a type I of transitions: nl-nl’, L =1, L' = I’ (for example, 2s'.S —2p' P°,
3s35-3p>P°, 3pt P° — 3d' D, 4s3S-4p®P°, etc), proper estimate is Cowley-
like:

nf +nt

wpp = 3.438 - 107 #N N2 —F — =
ot 22 1)1

f(T) (5)
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2. For a type II of transitions: nl-n'l’, L = [, L' = I’ (for example, 2p3P°-3s38,
4p? P°-5d? D, 4d*D-5f2F°, 4d®D — 6f%F°, etc), proper estimate is Purié-
like:

716 TLG
1N g (6)

wge = 0.808 - 107N N2 ——F =
Z2(2ls —1)73

Here f(T) is chosen temperature function (which will be explained later),
while Is = maz(lupper, liower), Where lypper and lower are orbital quantum
numbers for upper and lower level respectively.

3. For all other types of these simplest transitions (type III), like nl—nl’, L # 1,
L' #1" and nl-n'l', L # 1, L' # I’ (for example, 35! P°-3p' D, 35*P°-3p*P,
3p°Do-3d°F, 3d' F°—4p' D, etc.), a well known general expression, valid also
for the first two types, can be used to obtain width for particular lines within
a multiplet from an average width as a whole:

wEs = (AT?)?WO (7)

where wgs and wg are estimates of uknown Stark widths and a Stark width
obtained with estimates (5) or (6), while Agz and Ay are corresponding
wavelengths respectively.

After optimizing the number of parameters in these estimates according to min-
imum description length properties (see, for example, Griinwald, 2004), and
keeping in mind that all models are uncertain, idealizing reality (Wit et al.,
2012) and that sample is not equal to population, we rounded exponents in (5)
and (6) on the closest integer or rational number, to avoid physically meaning-
less results (for example, A\ is replaced with A2, Z1-95 with Z2, etc.) and to
approach enough to probable statistical model ideally concerning about popu-
lation.

From interpolation of analysed data, new temperature function is suggested:

18, T

where  is the linear function of temperature defined as:

(8)

B=AT +B (9)

Numerical constants A and B are estimated to be A = 9.62- 1077 and B =
—4.167-1072 from the values of lower temperature limit for all considered Stark
widths. Lower temperature limit for most of considered Stark widths lies in a
range 15000 — 70000 K which corresponds to range of distance between perturb-
ing and perturbed levels used in all considered Stark width calculations around
cca 7500 — 38500 cm™!. It is easy to see that relation 0 < 8 < 1 is mostly
valid for such choice of A and B, and that temperature function approximately
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simulates both lower and upper temperature limit conditions when S reach to
its limits, which is in a good agreement with some previous analyses of behavior
of Stark width values for highest and lowest value of temperature (for example
Sahal-Bréchot et al., 2014a).

Correlation between new estimates of full Stark width at half maximum
(FWHM) obtained by using relations (5), (6) and (7), and existing MSE val-
ues for transition type I, type II and type III with corresponding regression
lines are displayed in Figs. 1-3 respectively. To calculate correlation parameters
for each estimate, we used the general symbol wgsr instead of wg1, wge, and
wgs. Correlation coefficients corresponding to each estimate WEST are pre-
sented in Table 1. In the most idealistic scenario, for log-log regression equation
logwgpsT = C1 + Cologwyrsg, should be valid C1 = 0, C2 = 1 and therefore
wepsT = wyse. As the additional attemption to confirm a validation of this
method, predicted Stark widths with estimates from above are compared with
corresponding experimental values from references (Konjevié¢ et al., 1984, 2002).
Result of this comparison is presented in Fig. 4.

Table 1. Correlation parameters for log-log regression equation
logwesr = Ci1 + Calogwmse, between results of estimates (5), (6) and (7)
respectively, and MSE values of FWHM Stark widths from analysed sample.

Transition type C1 Cy ErrCy  ErrCy St.dev. Reorr
I -1.45E-5 0.9126 0.0325 0.0336 0.13 97.76

1I -.28E-5 1.0266 0.0473 0.0262 0.19 99.32

111 -0.0334 0.84 0.025 0.029 0.064 97.23

2.2. Machine learning methods and RF algorithm

As machine learning represents a very popular tool for different types of prob-
lems encountered in science, here it was applied on the study of regularities of
Stark broadening. Machine learning model based on Random Forest algorithm
was developed and described in detail in reference (Tapalaga et al., 2022), so
here it would be briefly described for the sake of completeness. Before devel-
oping the model, we needed to develop and create a database for training and
testing of the future models. This database was created as a combination of two
databases, namely NIST atomic database (Kramida et al., 2022), from which we
took atomic parameters of interest for every transition and Stark B database
(Sahal-Bréchot et al., 2015) from which we took Stark width and plasma pa-
rameters for each calculated width. After the completion of this database, it
contained around 53 000 lines. Features selected for this research were: Plasma
electron density, electron temperature, atomic number, charge of the emitter,
energies of both upper and lower levels, total angular momentum of both upper
and lower levels, principal and orbital quantum numbers for initial and final of
corresponding transitions.
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Figure 1. Log-log correlation between FWHM Stark width values obtained by us-
ing estimates from multiple regression analysis (wg1) and MSE values (wysg), with
corresponding regression line.
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Figure 2. Log-log correlation between FWHM Stark width values obtained by us-
ing estimates from multiple regression analysis (wg2) and MSE values (wyse), with
corresponding regression line.

Additionaly, ionization energy and quantity called upper level effective po-
tential after (Purié, Séepanovié, 1999) were taken into a set of input parameters,
which provides a label data comparison. Data outliers were removed as data
having higher energy of lower level than upper level. Finally, the analysis was
constrained to the following plasma parameters: N < 107 cm ™3, T, < 150 000
K and Eypper < 500 eV. This restriction left us with around 32 000 available
transitions for further analysis. To choose the best model and corresponding
parameters, GridSearchCV (Grid Search Cross Validation) technique was ap-
plied. Here for every set of model parameters, model is trained and tested on
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Figure 3. Log-log correlation between FWHM Stark width values obtained by us-
ing estimates from multiple regression analysis (wg3) and MSE values (wamsg), with
corresponding regression line.
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Figure 4. Linear correlation between FWHM Stark width values obtained by using
estimates from multiple regression analysis (wgst) and corresponding experimental
values (wgxp), with corresponding regression line.

given dataset, and best performance is reported. Along with best performance,
algorithm reports with which parameters has been obtained. Three models were
tested: Decission Tree, Random Forest and Gradient Boosting Regressor. Per-
formances of the model are reported in table 2.

It can be seen that the best results were obtained with Random Forest for
the following parameters: maximal depth of the tree equal to 10, minimal sam-
ples at one leaf set to 3 and number of estimators equal to 200. As in the case
of multiple regression method, Stark widths predicted with using RF algorithm
were compared with corresponding experimental widths from the same refer-
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Table 2. Comparison of preformances for three learning machine models used in anal-

ysis.
Model Parameters R? score
Decision tree max_depth = 5 0.9
max_depth = 10
Random Forest min_samples_leaf = 3 0.97

n_estimators = 200
max_depth = 10
Gradient Boosting Regressor min_samples_leaf = 2 0.96
n_estimators = 200

ences as before (Konjevié et al., 1984, 2002). Results of this comparison are
shown in Fig. 5 and Fig. 6. As we can see on figure 5, RF model preforms well,
except of few points that are estimated badly. Also, from the figure 6 it can
be concluded that RF method performs better in visible part than in the ultra
violet or infrared part of the spectrum.

0,01 0.1 1
wW_ A

EXP!

Figure 5. Log-log correlation between FWHM Stark width values obtained by using
RF algorithm (wrr) and corresponding experimental values (wgx p), with correspond-

ing regression line.

To improve the model and to test whether we could reduce the number of
features in the dataset while keeping the accuracy of the model, permutation
importance test was performed. This method permutes each feature randomly
within dataset, and calculate the decrease in performance of the already trained
model. Greater the decrease, more important is the feature. Results of this
analysis are given in table 3.
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Figure 6. Dependence of ratio between experimental FWHM Stark widths (wgxp)

and corresponding values obtained by using RF algorithm (wrr) on wavelength of

spectral lines for which Stark widths are calculated.

Table 3. Feature importance test results for RF model.

Feature Importance score
Electron density N, 5.940.2

Upper - level principal quantum number n; 3.50 £0.12

Charge of emitter ¢ 1.04 £0.04

Upper-level effective potential x 0.37 + 0.04

Emitter Z 0.31 + 0.03

Upper-level orbital quantum number I; 0.19 + 0.02

Energy of upper level Eypper 0.11 £ 0.02

Lower-level principal quantum number ny 0.11 + 0.01
Energy of lower level Ejower 0.048 £ 0.005
Lower-level orbital quantum number [ 0.029 £ 0.004
Lower-level total angular momentum quantum number Jypper 0.029 + 0.007
Upper-level total angular momentum quantum number Jioyer 0.021 £ 0.005
T. 0.017 £+ 0.003
E; 0.002 4+ 0.001

Results in table 3 indicate that electron density is most important feature
as expected, while other important features are naturally emitter, its charge,
principal and orbital quantum numbers of upper level and upper-level effective
potential x. Other parameters were removed from analysis, as upper level is
included in definition of x, and model was retrained. As expected, model gave
very similar results as those reported in this work, which just confirms that
model didn’t got confused with some redundant data in initial run.
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3. Discussion

For Type I, ratios between estimates and MSE values vary between 0.5 and 2.6,
for type II between 0.4 and 1.7, and for type III between 0.7 and 2.0. so we can
say that accuracy of our estimates according to MSE values are mostly between
-50% and +160%. Including predicted accuracy of MSE results, which is +£50%,
we expect that global accuracy of our estimates, according to statistical sample
we used, should lie between +50% and +100% e.g. comparable with the old
Griem’s semiempirical theory (Griem, 1968).

Despite of several exceptions, ratio between most of new calculated estimates
and corresponding experimental Stark widths from references (Konjevié¢ et al.,
1984, 2002), lies between 0.2 and 2 (see Tab. 3), which leads to conclusion that
our estimates are usually accurate in a range of £100%, in accordance with our
expectations. On the other hand, average value of this ratio for comparison of
estimates with experimental Stark widths is 1.38 & 0.11, resulting with accuracy
in a range between +30% and £50%, which is even better than theoretically
predicted accuracy for modified semiempirical theory by Dimitrijevi¢ and Kon-
jevié (1981).

Ratios between Stark widths predicted by using RF algorithm and corre-
sponding experimental Stark widths taken from the same references mentioned
above (Konjevi¢ et al., 1984, 2002), with the exception of two extreme values
0.06 and 4, lie between 0.16 and 2.23, but average ratio of these values is 0.96
+ 0.16, leading to an accuracy of around +£20%, which is much better than
accuracy of predicted results obtained by using classical statistical method. To
express the accuracy for both methods, as it is usual in statistics, we used
arithmetical mean as the average value of analysed data, while the standard
deviation is used as a measure of data dispersion. As a final proof that both
of presented methods could be valid, in Fig. 7 we presented results obtained
from mutual comparison of Stark width values predicted with these two differ-
ent approaches. Linear regression equation which expresses dependence between
Stark widths predicted with RF method wgrpr and those predicted by using es-
timates WEST obtained by using formulae (5), (6) and (7) is found to be wrp
= 0.0523 + 1.0563 wgsr with correlation coefficient Rcorr = 91.05%. Figure
7 and values of correlation parameters show that both of these two methods
are equivalent, e. g. the results of the estimates with RF model and classical
multiple regression statistical method are almost the same. Although it is feeded
with results obtained by using semiclassical perturbation method (see for exam-
ple Sahal-Bréchot et al., 2014a), RF algorthm is shown to be a good predictor,
despite of a theoretical method used to calculate analysed Stark width data,
because it gives results comparable with estimates based on set of calculations
obtained by using modified semiempirical method.



New perspectives in the analysis of Stark width regularities and systematic trends 69

WA
2

WEST[A]

Figure 7. Linear correlation between FWHM Stark width values obtained by using
estimates from multiple regression analysis (wgst) and corresponding values obtained
by using RF algorithm (wrr) , with corresponding regression line.

4. Conclusion

Both of the methods used in this study have some advantages and disadvan-
tages. In general, the advantage of ML models is that they are faster and easier
to perform with the proper knowledge of computer programming. On the other
hand, any of ML algorithms is some kind of black box, e. g. we finally don’t
know how input and output parameters are connected. If we want to find out
the relationship between Stark width values and atomic and plasma parame-
ters presented in a form of simple formula, we have to continue to investigate
regularities and systematic trends of Stark widths using the estimates as, for
example, were obtained here (equations (5)-(7)). If we don’t need to know this
connection, using of some ML algorithm is probably the best solution. Results
of predictions using RF model show that, if some general estimate really ex-
ists, according to previous vision of Jagos Purié, it should be the function of 14
variables. In this case, number of input atomic and plasma parameters we used
before in a group of equations (1) to find systematic trends among the Stark
width value, should be enlarged. We proved that, with additional two parame-
ters (upper and lower orbital quantum number) and considering transition type
into analysis, strongly affect on result of estimate, as it is assumed, for example,
in (Majlinger et al., 2017Db).

However, it is very important to stress that the estimates obtained in this
work should be valid under the assumption that they can be applied on simple
type of spectra, as they have been analysed in this case (for example, where for
all transtitions in a whole spectrum parent term remains the same). For more
complex spectra, these estimates should be improved, or some other methods
are welcome to be used. Furthermore, although RF model shows very strong
potential to be applied on RST analysis in future, it is tested only in the sample
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of Stark broadening parameters related to simple spectra described here, and
in the case of Li I spectral lines (Tapalaga et al., 2022), so it should also be
confirmed in a greater sample to make us sure that this method can be applied
generally in prediction of new Stark widths despite of complexity of a spec-
trum we investigate.For the application of these methods to study regularities
and systematic trends among the Stark broadening parameters of lines in more
complex spectra, additional investigations are needed, and development of both
of these method are neccessary. Created database used in this and previous
study is published online and it is available for use. It can be found on the link
https://github.com/ivantraparic/StarkBroadeningMLApproach.

Acknowledgements. The research was funded by the Ministry of Science, Techno-
logical Development and Inovations of the Republic of Serbia, Contract numbers: 451-
03-68/2022-14/200024 and 451-03-68/2022-14/200146. We are very grateful to Milan
S. Dimitrijevi¢ on useful suggestions and comments during the writing of this paper.

References

Aggarval, C., V., R. C. 2014, Data Clustering (Taylor and Francis Group)

Alwadie, N., Almodlej, A., Ben Nessib, N., Dimitrijevié¢, M. 2020, Contrib. Astron.
Obs. Skalnaté Pleso, 50, 86

Chatterjee, S., Simonoff, J. S. 2014, Handbook of Regression Analysis (John Wiley and
Sons)

Cowley, C. 1971, The Observatory, 91, 139
Dimitrijevié¢, M., Konjevié¢, N. 1987, J. Quant. Spectrosc. Radiat. Transfer, 20, 223

Dimitrijevié, M. S., Konjevié, N. 1981, Spectral Line Shapes (Walter de Gruyter and
Co.), 211

Djenize, S. 1999, J. Res. Phys., 28, 231

Djenize, S., Sre¢kovié, A., Kalezi¢, S. 2001, Serb. Astron. J., 164, 21

Doj¢inovié¢, 1. P., Tapalaga, 1., Purié, J. 2011, Pub. Astron. Soc. Australia, 28, 281
Doj¢inovié, I. P., Tapalaga, 1., Purié, J. 2012, Mon. Not. R. Astron. Soc., 419, 904
Doj¢inovié, I. P., Tapalaga, 1., Purié¢, J. 2013a, Bull. Astron. Soc. India, 41, 281
Doj¢inovié, I. P., Tapalaga, 1., Purié¢, J. 2013b, Mon. Not. R. Astron. Soc., 429, 2400
Griem, H. R. 1968, Phys. Rev., 165, 258

Griinwald, P. D.; A tutorial introduction to the minimum description length principle.
2004, ArXiv, math.ST /0406077

Holtsmark, J. 1919, Annalen der Physik, 363, 577

Jevtié¢, D., Doj¢inovié, 1. P., Tapalaga, 1., Purié¢, J. 2012, Bull. Astron. Soc. India, 40,
151

Killian, J., Montenbruck, O., Nissen, P. 1991, Astron. Astrophys. Suppl., 88, 101


https://github.com/ivantraparic/StarkBroadeningMLApproach

New perspectives in the analysis of Stark width regularities and systematic trends 71

Konjevi¢, N., Dimitrijevi¢, M. S., Wiese, W. L. 1984, J. Phys. Chem. Ref. Data, 13,
649

Konjevié, N., Lessage, A., Fuhr, J. R., Wiese, W. L. 2002, J. Phys. Chem. Ref. Data,
31, 819

Kramida, A., Ralchenko, Y., Reader, J., NIST ASD Team. 2022, NIST Atomic Spec-
tra Database (version 5.10), https://physics.nist.gov/asd, accessed: September
2023

Majlinger, Z., Dimitrijevié¢, M. S., Sreckovié, V. A. 2020a, Mon. Not. R. Astron. Soc.,
496, 5584

Majlinger, Z., Dimitrijevié, M. S., Sreékovié, V. A. 2020b, Contrib. Astron. Obs.
Skalnaté Pleso, 50, 164

Majlinger, Z., Dimitrijevié, M. S., Simié, Z. 2017a, Atoms, 5, 49
Majlinger, Z., Simié, Z., Dimitrijevié¢, M. S. 2015, Astron. Astrophys, 36, 671

Majlinger, Z., Simié¢, Z., Dimitrijevi¢, M. S. 2017b, Mon. Not. R. Astron. Soc., 470,
1911

Miller, M. H., Lessage, A., Purié¢, J. 1980, Astrophys. J., 239, 410

Popovié, L. C., Dimitrijevi¢, M. S. 1998, Contrib. Astron. Obs. Skalnaté Pleso, 27, 353
Purié¢, J., Dimitrijevi¢, M. S., Lakié¢evi¢, 1. S. 1978, Physics Letters A, 67, 189

Purié, J., Dojéinovié, 1. P., Nikolié, M., et al. 2008, Astrophys. J., 680, 803

Purié, J., Séepanovié¢, M. 1999, Astrophys. J., 521, 490

Puri¢, J., Séepanovi¢, M., Milosavljevi¢, V., Cuk, M., XXIII ICPIG (Toulouse, France).
1997, V — 48

Puri¢, J., Cirkovi¢, L., XI ICPIG. 1973, 398
Purié, J., Miller, H., Lessage, A. 1993, Astrophys. J., 416, 825
Sahal-Bréchot, S., Dimitrijevi¢, M., Ben Nessib, N. 2014a, Atoms, 2, 225

Sahal-Bréchot, S., Dimitrijevié¢, M. S., Moreau, N. 2015, STARK-B database, http:
//stark-b.obspm.fr, accessed: September 2023

Sahal-Bréchot, S., Dimitrijevi¢, M. S., Moreau, N., Ben Nessib, N., SF2A Conf. 2014b,
515

Scepanovic, M., Puric, J. 2013, Rom. Rep. Phys., 65, 1275
Tapalaga, 1., Dojc¢inovié, I. P., Purié, J. 2011, Mon. Not. R. Astron. Soc., 415, 503
Tapalaga, 1., Dojcinovié, 1. P., Purié, J. 2018, Mon. Not. R. Astron. Soc., 474, 5479

Tapalaga, 1., Trapari¢, 1., Trklja Boca, N., et al. 2022, Neural Comput. Applic., 34,
6349

Trklja, N., Doj¢inovié, I. P., Tapalaga, 1., Purié¢, J. 2019a, Atoms, 7, 99

Trklja, N., Tapalaga, 1., Dojé¢inovié, 1. P., Purié¢, J. 2019b, New Astron, 59, 54
Wiese, W., Konjevic, N. 1982, J. Quant. Spectrosc. Radiat. Transfer, 28, 185
Wit, E., van den Heuvel, E., Romeijn, J. 2012, Statistica Neerlandica, 66, 217


https://physics.nist.gov/asd
http://stark-b.obspm.fr
http://stark-b.obspm.fr

UNIVERZITET U BEOGRADU
FIZICKI FAKULTET

PRIMENA VESTACKE INTELIGENCIJE I

MASINSKOG UCENJA U SPEKTROSKOPIJI
PLAZME

Ivan R. Traparic¢

Doktorska disertacija

Beograd, 2024



UNIVERSITY OF BELGRADE
FACULTY OF PHYSICS

APPLICATION OF MACHINE LEARNING AND
ARTIFICIAL INTELIGENCE IN PLASMA
SPECTROSCOPY

Ivan R. Traparic¢

Doctoral dissertation

Belgrade, 2024



Mentor:

Doc. dr Marijana Gavrilovi¢ Bozovi¢,
Fakultet inzenjerskih nauka Univerziteta u Kragujevcu

dr Milivoje Ivkovié,
Naucni savetnik Instituta za fiziku u Beogradu

Komisija za odbranu doktorske disertacije:

Prof. dr Bratislav Obradovi¢,
Fizicki fakultet Univerziteta u Beogradu

Prof. dr Ivan Dojc¢inovié,
Fizicki fakultet Univerziteta u Beogradu

dr Vladimir Sreckovic,
naucni savetnik Instituta za fiziku u Beogradu

Datum odbrane:




Ova disertacija uradena je u potpunosti u Laboratoriji za spektroskopiji plazme i lasere.
Stoga bih se mnogo zahvalio svom mentoru dr Milivoju Ivkoviéu za podrsku, savete i svom
znanju koje je mesebicno podelio sa mnom tokom izrade ove teze. Takode, zahvaljujem se i
mentoru doc. dr Marijani Gavrilovié BoZovié na vodenju teze i korisnim sugestijama vezanim
za njen konacan izgled 1 koncepciju.

Mnogo sam zahvalan i kolegama iz laboratorije dr Biljani Stankov, dr Milici Vini¢ 1 Stanku
Milanovicu na ogromnoj pomoci u eksperimentalnom delu ove teze, te za sve prijateljske
razgovore 1 diskusije koje smo imali.

Veliku zahvalnost dugujem i svojoj porodici, koji su izdrZali ovaj put dugacak cetirt godine
1 za svu podrsku koju su mi dali i strpljenje koje su imali za mene. Bez toga ne bi bilo ni ovog
rada.



Mojoj supruzi Mariji v éerci Lari...



Rezime: U ovoj doktorskoj disertaciji ispitana je moguc¢nost primene masinskog ucenja
i vestacke inteligencije za resavanje nekih problema u oblasti opticke i ekstremne ultraljuci-
caste emisione spektroskopije plazme.

Model sluc¢ajne Sume, obucen je za modelovanje Stark-ove polusirine emitovane spektral-
ne linije jer se za tu namenu pokazao kao najbolji od svih razmatranih modela. Napravljeni
model uspesno je predvideo kvantnu prirodu atomske emisije i regularnosti duz izoelektron-
skog niza i spektralnih serija neutralnog atoma litijuma. Pokazano je da se ovaj model moze
koristiti za predvidanje novih Stark-ovih poluSirina sa tacnoséu od oko 20 %.

Zatim, pokazano je da se u slucaju kvantitativne analize koristenjem spektroskopije la-
serski indukovanog proboja za obucavanje modela masinskog ucenja mogu iskoristiti baze
koje nisu snimljene na vlastitoj aparaturi ponavljanjem istih eksperimentalnih uslova. Ovo je
znacajan rezultat jer dosta laboratorija nema sredstava da priusti dovoljan broj standardnih
uzoraka za potrebe ovakvih analiza, i pruza moguc¢nost standardizacije snimanja ovih baza.

Kona¢no, primenom varijacionog autoenkodera modelovan je UTA (eng. Unresolved Tran-
sition Array) struktura emitovanog spektra volframa u ekstremnoj ultraljubicastoj oblasti
spektra za tipi¢ne uslove u jezgru plazme heliotrona LHD u Japanu. Model je pokazao za-
dovoljavajuée poklapanje sa eksperimentalnim merenjima, i ta¢no predvideo temperaturne
zavisnosti oblika emitovanog spektra. Model je pokazao i dodatni napredak u modelovanju,
omogucava brzo predvidanje oblika emitovanog spektra za zadate uslove plazme u svega ne-
koliko stotina milisekundi, za razliku od trenutnih kolizono - radijativnih modela kojima za
istu svrhu treba po nekoliko nedelja za racun.

Kljuéne reci: masinsko ucenje, vestacka inteligencija, fizika plazme, spektroskopija plazme,
fuzija, LIBS.

Naucna oblast: Fizika
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Resume: In this doctoral thesis the possibility of application of machine learning and
artificial intelligence for solving of some particular problems connected with plasma optical
and extreme ultraviolet emission spectroscopy was investigated.

Random Forest model was trained for prediction of spectral line width due to Stark effect
as it showed best performance of all considered models. Created model successfully predicted
quantum nature of atomic emission and regularities along isoelectric sequence and spectral
series of neutral lithium atom. It was also shown that the model can be used for prediction
of new spectral line widths with the uncertainty of around 20 %.

Furthermore, it was shown that databases that weren’t recorded inside one’s own labo-
ratory can be used for training of machine learning algorithms for the quantitative LIBS
analysis by repeating the same experimental conditions. This is significant result, as many
laboratories don’t have the funds for enough standard samples for this kind of analysis, while
at the same time this result provides the opportunity for standardisation of database recor-
ding process.

Finally, using the variational autoencoder the UTA (Unresolved Transition Array) struc-
ture of tungsten spectra in the extreme ultraviolet part of the spectrum for typical plasma
parameters inside the plasma core of heliotron LHD was modeled. Model showed good agre-
meent with experimental measurements, while also correctly modeling the temperature de-
pendence of the shape of the emitted spectra. This model provides the opportunity for quick
and accurate generation of new spectra for given plasma parameters in several hundreds of
miliseconds, contrary to the developed collisional - radiative models for the same purpose,
which need few weeks of computational time for same calculations.

Key words: machine learning, artificial inteligence, plasma physics, plasma spectroscopy,
fusion, LIBS.
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Research area: Physics of Ionised Gases and Plasma
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1 Uvod

U ovom poglavlju dat je kratki uvod u masinsko ucenje i vestacku inteligenciju, te mo-
guénosti koje oni pruzaju u savremenoj nauci. Nakon uvodnog dela, izloZena su osnovna
postignucéa ove teze i data objasnjenja metoda vestacke inteligencije primenjenih u spektro-
skopiji plazme. U zavrsnom delu poglavlja i dati su pregled strukture i organizacija teze.

Masinsko ucenje i vestacka inteligencija se odavno primenjuju u nauci, a ovde ¢e biti nave-
dene samo neke od primena i moguénosti koje oni pruzaju. Na primer, algoritmi vestacke in-
teligencije se uspesno koriste u molekularnoj biologiji za sekvenciranje DNA [1], ili u farmaciji
gde se pomocu vestacke inteligencije otkrivaju novi lekovi [2]. Algoritmi vestacke inteligencije
i masinskog ucenja nasli su primenu u skoro svim granama fizike. U astrofizici se koristi za
jako bitan zadatak klasifikacije zvdezda [3-5|, koji omogucava dalje precizno izu¢avanje ovih
objekata; u fizici ¢vrstog stanja veStacka inteligencija i masinsko ucenje se koriste u cilju pred-
vidanja osobina novih materijala [6-8|; u kvantnoj mehanici, mogu se koristiti za reSavanje
problema vise tela [9,10], pa i za pravljenje novih kvantnih eksperimenata [11,12]. Vestacka
inteligencija uspesno je primenjena i na racunanje i modelovanje laserskog ubrzavanja jo-
na [13], a ¢esto se koristi i u razli¢itim vrstama spektroskopije: u kombinaciji sa Ramanovom
spektroskopijom za identifikaciju razlic¢itih virusnih i bakterioloska oboljenja, klasifikaciju
tumora itd [14]; u teraherznoj spektroskopiji u svrhu karakterizacije raznih biologkih uzora-
ka [15], kao i za odredivanje izotopskog odnosa u divertoru tokamaka [16]. U spektroskopiji
laserski indukovanih plazmi se najcesée koristi kao alat za kvantitativnu analizu [17, 18], ali
ima dosta primene i klasifikacionih algoritama [19,20]. U analizi visokotemperaturnih plazmi
(ili obi¢no fuzionih plazmi) vestacka inteligencija je primenjena za predvidanja upadnog to-
plotnog fluksa na divertor tokamaka [21], kao i za predvidanje profila temperature i gustine
elektrona [22]. Piccione i saradnici su u svom radu [23] koristili masinsko ucenje kako bi
predvideli ravnotezne parametre fuzione plazme, dok su Li i saradnici [24] koristili neuronske
mreze u kombinaciji sa fluidnim modelima kako bi predvidili dominantan tip turbulencije i
transportne parametre. Dakle, uocljiv je jedan bogat spektar primena vestacke inteligencije
u raznim oblastima fizike, unutar koje i ova teza treba da ostvari svoj doprinos.

Ova doktorska disertacija u potpunosti je uradena u laboratoriji za spektroskopiju plazme
i lasere u Institutu za fiziku u Beogradu. Laboratorija ima visedecenijsku tradiciju u oblasti
spektroskopije niskotemperaturnih plazmi i nasiroko je poznata po merenju Stark-ovih pa-
opsegu 10* — 10*® em 3. Zbog svega ovoga, u svetu je poznata i kao deo Beogradske $kole
spektroskopije [25,26]. Imajuéi u vidu dokazanu ekspertizu u polju emisione spektroskopije,
i globalni trend primene novih metodologija vestacke inteligencije i masSinskog ucenja u naj-
razlic¢litijim oblastima nauke, oni su u ovoj tezi primenjeni kao poslednji alat tehnologije na
analiziranje i obradu spektralnih linija emitovanih iz razili¢itih vrsta plazme.

Razli¢iti pravci istrazivanja u laboratoriji za spektroskopiju plazme i lasere su umnogo-
me usmeravali i pravac istrazivanja ove teze, koja posledi¢no ima tri vece celine. Za sva tri
dela ili celine je zajednicko da predstavljaju primenu novih tehnologija vestacke inteligencije
i masinskog ucenja na dobro poznate oblasti stektroskopije plazme. Prvi deo teze bavi se
primenom modela masinskog ucenja u cilju odredivanja Sirine emitovane spektralne linije na



polovini njene visine!. U tu svrhu napravljena je specijalna baza za trening modela masinskog
ucenja nastala spajanjem Stark B i NIST baze atomskih podataka. U prvoj bazi sadrzane
su izra¢unate poluSirine emitovanih spektralnih linija za razne jonske i neutralne emitere
dobijene po semiklasi¢noj perturbativnoj teoriji Sachal - Brechaut i Dimitrijevi¢a [27,28] i
parametri plazme za koje je data poluSirina izracunata. NIST baza atomskih parametara
upotrebljena je kako bismo za svaku izracunatu polusirinu spektralne linije u Stark B bazi,
nasli atomske parametre od interesa za dati prelaz. Dobijena baza podataka koristena je za
trening razli¢itih modela maSinskog ucenja. Trenirani model potom je iskoriSten za analizu
regularnosti Stark-ovog efekta duz spektralnih serija neutralnog litijuma, te su date predikcije
polusirina linije usled Stark-ovog efekta za neke emitere. Pored ovoga, ispitana je i eksperi-
mentalno uocena regularnost Stark-ovog efekta za naelekrisanje emitera, tj. regularnosti duz
izoelektronskog niza. Na kraju, predikcije modela su uporedene sa eksperimentalno merenim
polusirinama kako bi se proverila pouzdanost modela prilikom predikcije jos neizracunatih
Stark-ovih parametara.

Laboratorija za spektroskopiju plazme i lasere je dugo godina bila i centar razvoja lasera
i laserskih sistema. Uporedo sa razvojem lasera, isti su koristeni i za stvaranje i spektro-
skopsko ispitivanje laserski indukovanih plazmi, kao prirodan spoj dve aktivnosti u kojima
je laboratorija dala i daje veliki doprinos. U skladu sa ovim pravcem istrazivanja, drugi deo
teze fokusira se na primenu algoritama vestacke inteligencije za analizu spektra emitovanog iz
plazme nastale interakcijom laserskog zracenja sa metom od ¢elika u cilju odredivanja procen-
tualnog sastava elemenata. Po prvi put u ovoj tezi testirana je moguénost da se obucavanja
modela na ve¢ snimljenoj bazi podataka, pri ¢emu se u drugoj laboratoriji snimaju samo test
spektri. Uobicajena praksa jeste da se napravi baza podataka od velikog broja standardnih
uzoraka (tipi¢no 50 uzoraka) ¢iji se spektri snime sa dostpunom aparaturom pod strogo
kontrolisanim i reproducibilnim eksperimentalnim uslovima. Ovaj postupak je spor i napo-
ran, te zahteva veliku koncentraciju eksperimentatora. Dodatno, veéini laboratorija najcesée
nije ni dostupan ovoliki broj standardnih uzoraka, a ni njihova cena nije zanemarljiva, te bi
dokaz mogucnosti primene ovde predlozenog pristupa bio znacajan uspeh i pomak u oblasti.
Baza za trening bila je ona snimljena za potrebe benchmarking takmicenja na konferenciji
LIBS 2022 koja je javno dostupna online. U laboratoriji su snimljeni samo spektri trenutno
dostupnih test uzoraka standarda i analizirana je uspesnost modela prilikom predikcije kon-
centracije nepoznatih uzoraka.

Tre¢i deo ove teze je u tesnoj vezi sa trenutnim pravacem razvoja laboratorije, koja se u
poslednje vreme bavi istrazivanjima koja su relevantna za nuklearnu fuziju. Kako je krajem
2019. godine uspostavljena saradnja izmedu Nacionalnog instituta za fuziona istrazivanja
(NIFS) u Japanu i Univerziteta u Beogradu, to je dalo priliku da se laboratorija dodatno
pribliZi ovoj tematici. Trec¢i deo ove teze bavi se primenom vestacke inteligencije za potrebe
generisanja spektra volframa u ekstremno ultraljubicastoj oblasti, a u svrhu analize zracenja
emitovanog iz plazme u heliotronu LHD u Japanu. Glavna ideja iza generisanja spektra jeste
poredenje sa razvijenim koliziono - radijativnim modelima, te njihovo dalje usavrsavanje za
potrebe izucavanja akumulacije necistoca sa velikim atomskim brojem Z u centru plazme, te
ispitivanja transportnih osobina i vremena zadrzavanja volframa prilikom ulaska u plazmu.
Trenutno upotrebljeni model zasniva se na upotrebi varijacionog enkodera, koji se koristi za
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generisanje nepoznatog spektra za zadatu temperaturu plazme 7.

Teza je ogranizovana na sledeé¢i nacin. U uvodu je dat pregled oblasti primena vestacke
inteligencije u nauci generalno, ne samo u fizici, a zatim je u kratkim crtama opisan radni
zadatak i ostvareni rezultati svakod og delova teze.

U poglavlju Uvod u fiziku plazme i vestacku inteligenciju uvedeni su osnovni pojmovi
bitni za suStinsko razumevanje problematike koja se obraduje u tezi, pocevsi od same fizi-
ke plazme, zatim metoda za spektroskopsku dijagnostiku primenjenu na razli¢itim vrstama
plazme koje su proucavane u tezi, zakljuéno sa modernim alatima i tehnikama vestacke inte-
ligencije i maSinskog uc¢enja koji su na inovativan na¢in po prvi put upotrebljeni za reSavanje
odredenih problema objasnjenih u tezi. Pre svega, definisane su glavne veli¢ine i teorijski
koncepti koji se koriste u opisivanju i modelovanju plazme, nakon ¢ega je opisana dijagno-
stika plazme metodom opticke emisione spektroskopije, gde su predstavljene teorije Sirenja
spektralnih linija od znacaja za ovu disertaciju (kvazistaticka teorija Sirenja spektralnih linija
i semiklasi¢na perturbativna teorija). Dodatno, opisana je i teorija konkavne resetke i opis
rada EUV spektrometra koji je koristen za merenje spektara u tre¢em delu ove doktorske
disertacije. Posle toga, opisana je teorija interakcije nanosekundnog laserskog impulsa sa ma-
terijalom i tehnika spektroskopije laserski indukovanog proboja. Dalje, dat je kratak uvod
u fiziku visokotemperaturnih plazmi, gde su opisani nacini konfiniranja visokotemperaturne
plazme i glavni procesi prilikom interakcije plazme sa zidom reaktora. Na kraju ovog pogla-
vlja detaljno su opisani algoritmi vestacke inteligencije koristeni prilikom izrade ove teze, sto
ukljucuje nelinearne asamblerske modele poput sluc¢ajne sume i klasi¢ne neuronske mreze, a
na kraju kao najnoviji pravac razvoja u vestackoj inteligenciji, ukratko je objasnjen varijaci-
oni autoenkoder kao jedan od generativnih modela koji se danas Siroko primenjuje.

U trec¢em poglavlju predstavljeni su rezultati dobijeni prilikom primene masinskog ucenja
na odredivanje Stark-ove polusirine emitovane spektralne linije, na izucavanje regularnosti
Stark-ovog efekta i poredenje predvidenih i eksperimentalno merenih Stark-ovih poluSirina.
Detaljno je opisan postupak pravljenja baze za obucavanje, trening i optimizacija modela,
kao i sam izbor najboljeg modela.

U cetvrtom polgavlju izloZena je primena masinskog ucenja u kvantitativnoj LIBS analizi.
Prvo je dat opis eksperimenta koristenog za snimanje spektra laserski indukovane plazme.
Potom sledi opis predpripreme ulaznih podataka i opis selekcije najbitnijih atributa, te re-
dukcija dimenzionalnosti ulaznog skupa podataka. Dalje, opisani su dobijeni rezultati i dati
su predlozi za mogucée unapredenje modela.

Potom, u petom poglavlju izloZeni su rezultati primene vestacke inteligencije u svrhu ge-
nerisanja EUV spektra volframa. Poglavlje zapo¢inje opisom svhih relevantnih sistema koji su
koristeni prilikom prikupljanja eksperimentalnih podataka. Tu spadaju SOXMOS spektrome-
tar za merenje u EUV oblasti spektra, TESPEL sistem za ubacivanje peleta sa necisto¢ama
u plazmu i na kraju sistem za Thomson-ovo rasejanje koji je koristen za merenje temperature
elektrona. Zatim sledi opis modela kao i opis procedure predpripreme ulaznih podataka za
obucavanje modela, nakon ¢ega su dati ostvareni rezultati u ovom delu istrazivanja.

Na kraju, u zakljucku ove teze jos jednom su predstavljeni svi rezultati dobijeni prilikom
izrade ove doktorske disertacije i kako se do njih doslo. Takode, u ovom delu su opisani u
mogudi pravci nastavka ovog istrazivanja za svaki od tri dela doktorske disertacije.



2 Uvod u fiziku plazme i vestacku inteligenciju

U ovom poglavlju bié¢e prvo izloZzene osnove teorije plazme koje su od znacaja za ovu tezu, a
koje se koriste u kasnijem delu rada. Posle teorijskih osnova, paznja ¢e potom biti usmerena na
dijagnostiku plazme putem opticke emisione spektroskopije, te uz to objasnjena teorija Sirenja
spektralnih linija u sudarnoj aproksimaciji, poSto se primenjeni model u ovoj tezi u velikoj
meri oslanja na tu aproksimaciju. Posle objasnjenja osnovnih principa dijagnostike plazme
spektroskopskim putem, bi¢e objasnjeni osnove interakcije nanosekundnog laserskog impulsa
sa materijalom, proces formiranja plazme, te metoda spektroskopije laserski indukovanog
proboja (eng. LIBS - Laser Induced Breakdown Spectroscopy) kao analiticka metoda. Zatim ¢e
biti re¢i o visokotemperaturnim plazmama i procesu njihovog konfiniranja u laboratorijskim
uslovima, da bi potom bila izloZena teorija i osnovni procesi prilikom interakcije plazme sa
materijalima zida reaktora. Posebno, bi¢e rec¢i o procesu akumulacije teskih ¢estica u jezgru
plazme kao procesu koji ¢e biti analiziran u ovoj tezi. Na kraju, bi¢e objasnjeni svi algoritmi
vestacke inteligencije i masinskog ucenja koristeni prilikom izrade ove teze.

2.1 Teorijske osnove fizike plazme

Plazma kao stanje materije predstavlja ¢etvrto agregatno stanje. U prirodi, plazma po-
stoji u galakticim objektima (zvezde, solarne oluje, korona, jonosfera), a na Zemlji tipi¢an
primer je npr. munja. Munje i laboratorijske plazme (lukovi, fluoroscentne lampe, industrijske
plazme za obradu materijala itd.) su uglavnom niskotemperaturne, $to zna¢i da je tempera-
tura elektrona reda veli¢ine nekoliko elektron volti, dok su jonske temperature cak nize, reda
veli¢ine sobne tempearture [29]. Za galakticke objekte u stanju plazme, sem zvezda, tempe-
rature su reda veli¢ine 1 - 100 eV i te plazme su Cesto potpuno jonizovane. Kod zvezda, u
jezgru temperature elektrona dostizu vrednosti od nekoliko keV, pa stoga te plazme zovemo
visokotemperaturnim.

2.1.1 Kolektivne interakcije u plazmi

Tri osnovne osobine plazme koje proisticu iz elektromagnetnih kolektivnih interakcija iz-
medu cestica jesu kvazineutralnost plazme, plazmene oscilacije i ekraniranje. Pod pojmom
kvazineutralnosti, podrazumeva se da je ukupna zapreminska gustina naelektrisanja plazme
jednaka nuli. Ovo se moze objasniti ¢injenicom da je svako lokalno nastajanje viska nae-
lektrisanih Cestica usled termalnog kretanja unutar plazme prac¢eno uspostavljanjem veoma
intenzivnih elektrostatickih polja koja sprecavaju bilo kakvo dalje kretanje naelektrisanih ce-
stica [30]. Uslov makroskopske elektroneutralnosti plazme je ispunjen samo ako posmatrmo
dovoljno velika rastojanja. Ovo se moze ilustrovati jednostavnim izra¢unavanjem potencijala
na povrsini sfere radiusa 1 cm uocenoj unutar plazme koja ima gustinu naelektrisanih cesti-
ca 10 m™ i termalnu energiju kretanja od 6 eV po Cestici. Uz pretpostavku da je 0.1 %
elektrona napustilo uocenu sfernu zareminu, dobija se [30]:
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Dakle, da bi elektroni napustili ovu zapreminu, moraju imati srednju kineticku energiju od
6 keV, a pri ¢emu oni imaju samo 6 eV. Medutim, ako bi posmatrana zapremina bila 0.01
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mm, svi elektroni bi mogli napustiti uo¢enu zapreminu i uslov kvazineutralnosti vise ne bi
vazio. Ovaj uslov moze se kvantifikovati i drugacije, ukoliko se izrac¢una rad izvrsen od strane
elektrona da napuste posmatranu sferu [29]|. Zbog sferne simetrije, elektri¢no polje preostalih
jona mora imati radijalni pravac. Ovo polje, kada svi elektroni napuste sferu ima oblik [29]:

4
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Energija elektrostatickog polja unutar ove sfere je onda [29]:
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Ukoliko ovu energiju izjednac¢imo sa termalnom energijom kretanja elektrona, dobi¢emo?:
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Odakle dobijamo [29]:
kT,
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N

Ovde je uvedena jedna karakteristicna plazmena duzina koja se naziva Debye-ev radius, i
data je izrazom:

gokT
= 6
D ne? (6)

Tako da se kona¢no moze tvrditi da ¢e plazma biti makroskopski elektroneutralna na rasto-
janjima koja su mnogo ve¢a od Debye-evog radiusa.

Plazmene oscilacije javljaju se kao posledica jakih elektrostatickih polja prilikom izlaska
elektrona iz Debye-eve sfere [30]. Jako elektrostaticko polje koje se tada javlja, zaustavlja
elektrone i usmerava ih nazad ka centru sfere gde se nalazi visak pozitivnih naelektrisanja.
Prilikom dolaska na povrsinu sfere, usled akumulirane kineticke energije, elektron se nece
zaustaviti na povrsini sfere veé¢ ¢e nastaviti da se krece ka centru. Zbog jakih odbojnih elek-
trostatickih sila koje se javljaju usled viska negativnog naelektrisanja, dolazi do ponovnog
izlaska elektrona iz posmatrane sfere, pri ¢emu nastaju plazmene oscilacije [30]. Plazmene
oscilacije elektrona imaju frekvenciju [30]:
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Primecuje se da elektronske plazmene oscilacije zavise samo od gustine elektrona u plazmi i
reda su veli¢ine od nekoliko MHz do nekoliko THz. Plazmene oscilacije mogu se definisati za
sve vrste Cestica prisutnih u plazmi. One predstavljaju brzinu reakcije plazme na promenu
sopstvenog elektri¢nog mikropolja, a takode i brzinu reakcije na pobudu spoljasnjim vremen-
ski promenljivim elektriécnim poljem. Ovako definisna veli¢ina omogucava formulisanje jos

?Indeks ¢ zamenjen je indeksom e jer pretpostavljamo da su gustine elektrona i jona jednake



jednog uslova vazenja kvazineutralnosti plazme. MozZe se reé¢i da ¢e makroskopska elektroneu-
tralnost biti narusena i na ve¢im rastojanjima od Debye-evog radiusa, ali samo u vremenskom
intervalu koji odgovara periodu elektronskih plazmenih oscilacija koji je reda veli¢ine 107 s.
Zbog toga kazemo da uslov elektroneutralnosti ispoljava samo na vremenskim skalama koje
su mnogo vece od perioda plazmenih oscilacija [30].

Konaé¢no, poslednja analizirana osobina plazme kao posledica kolektivnih interakcija u
plazmi jeste Debye-evo ekraniranje plazme. Naime, zbog elektrostatickog privlacenja jona i
elektrona, svaki jon u plazmi biva okruzen oblakom negativnog naelektrisanja. Ovaj oblak
ne moze imati dimenzije veée od Debye-evog radiusa, jer je jedino unutar Debye-eve sfere
elektroneutralnost plazme narusena [30]. Da bi se nasao oblik potencijala jona okruzenog
oblakom elektrona, polazi se od pretpostavke da joni imaju uniformnu raspodelu i da po-
stoji mala perturbacija elektronske gustine n.. Sledeé¢a pretpostavka jeste da su elektroni u
termodinamickoj ravnotezi, pa je njihova koncentracija data sa [31]:
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U stanju termodinamicke ravnoteze srednja termalna energija elektrona je mnogo vec¢a od
elektrostaticke energije kT, > ey, pa mozemo pisati [31]:
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Poisson-ova jednacina ima oblik [31]:
1
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Zbog pretpostavljene sferne simetrije, operator V* ima oblik V= = -2 (ET> te ubacivanjem

(9) u (10) dobija se [31]:
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Resavanjem ove diferencijalne jednacine dobijamo [30]:
¢ D ep
QO(T) = Cl ” + CQ ” (12)
Zbog fizickog smisla konac¢nog resenja, odbacuje se drugi ¢lan, tj. Cy = 0 jer potencijal

ne moze eksponencijalno da raste sa udaljavanjem od naelektrisane cCestice. Konstanta C}
odreduje se tako da pri malim rastojanjima od jona, potencijal ima oblik Coulomb-ovog
potencijala, tj za r — 0 [30]:

1
o(r = 0) = -=0) = (13)
Stoga je konacan oblik ekraniranog potencijala jona:
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Ovaj rezultat nam govori da svaka naelektrisana ¢estica u plazmi moze da interguje samo sa
drugim naelektrisanim Cesticama koje se nalaze unutar Debye-eve sfere opisane oko te Cestice,
jer su na veéim rastojanjima od Debye-vog radiusa, polja naelektrisanih ekranirana i plazma
se smatra makroskopski elektroneutralnom [30].
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2.1.2 Sudarni procesi u plazmama

Sudarni procesi u plazmi bi¢e razmatrani samo u binarnoj aproksimaciji. Pod pojmom
sudar podrazumeva se rasejanje Cestice vrste « na Cesticama vrste § pod nekim uglom rase-
janja 6. Svako rasejanje se definiSe veli¢cinom koja se naziva diferencijalni presek za rasejanje.
Prema definiciji, diferencijalni presek za rasejanje predstavlja verovatnocu da se Cestica vrste
a raseje nad Cesticom vrste § u jedini¢ni prostorni ugao oko pravca odredenim uglom 6 [30].
Ugao rasejanja 6 se u najopstijem slu¢aju moze izra¢unati pomocu [30]:

e:w—z/mﬁ dp (15)

U gornjoj formuli b predstavlja parametar sudara, v, relativnu brzinu Cestice vrste o u odnosu
na Cesticu vrste 3, pu predstavlja relativnu masu ovih ¢estica a U(p) pretpostavljeni potencijal
interakcije ovih Cestica. Donja granica integracije p,.;, predstavlja najblize rastojanje do
kojeg Cestica vrste « prilazi Cestici vrste 5. Ako pretpostavimo da je oblik potencijala dat
Coulomb-ovim potencijalom, dolazimo do ¢uvene Rutherford-ove formule za ugao rasejanja
dve naelektrisane ¢estice [29]:

0,  qaqp
tan(ﬁ) = m (16)

Moguca rasejanja dve Cestice prikazani su na slici 1.

rasejanje pod malim uglom

rasejanje pod uglom /2

diferencijalni presek za rasejanje
za velike uglove = wb,,;

diferencijalni presek za rasejanje
za male uglove = 2rxbdb

Slika 1: Rasejanje cestice vrste a ma cestici vrste . Mogucéa rasejanja predstavljaju rasejanja pod
malim uglom, gde je 0 < 5 1 rasejanja pod velikim uglom gde je 6 > 7.

Najcesci tipovi rasejanja u plazmama jesu rasejanja pod malim uglom. Ako oznac¢imo sa
bz parametar sudara za rasejanje pod uglom od 90 stepeni, dobija se da je [29]:

qaqp
br = 227 17
Ameopv? (17)
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Totalni presek za rasejanje pod velikim uglovima onda predstavlja povrsinu kruga oznac¢enu
na slici 11 dat je sa [29]: )
2 4a9p

Oy = 7TbE = W<47r60,uvf) (18)
Sa druge strane, rasejanja pod malim uglom data su za sve parametre sudara koji su van
srafiranog kruga, Sto znad¢i da se oni javljaju dosta ¢esce. Posto rasejanja pod malim uglom
zavise od parametra sudara, ova povrsina se deli na prstenove radiusa b i debljine db. Tako
se dobija diferencijalni presek za rasejanje pod malim uglom, koji je jednak 27bdb i ova
povrSina predstavlja verovatnocéu da cestica vrste o bude rasejana pod uglom 6, 6 + df
nakon interakcije sa ¢esticom vrste § [29]. Posto su ovi sudari jako Cesti, mora se razmotriti
kumulativni efekat ovih sudara. Moze se pokazati da je presek za rasejanje koji odgovara
tome da kumulativni efekat rasejanja pod malim uglom bude ekvivalentan jednom sudaru sa
velikim uglom rasejanja dat sa [29]:

0" =8In (Z—D>UU (19)
Ubacivanjem (18) u (19) dobijamo [29]:
o 1 (4G5 )2 <TD> 1 (qaqa >2
S n(—)=— In A, 20
7 T or (50/w§ " bx 21 \egopv? B Bap (20)

Posto presek za rasejanje opada kao o* ~ v % zakljucak je se da ¢e za visokotemperaturne
plazme Coulomb-ovi sudari biti zanemarljivi u odnosu na druge fenomene [29].

Kada je poznat totalni presek za dati sudar, moze se definisati i koliziona frekvencija za
sudare Cestica vrste « sa Cesticama vrste §. Ona predstavlja broj sudara u jedinici vremena
koje pretrpi jedna Cestica vrste « sa Cesticama vrste 8 [30]. Definise se kao [30]:

Vo = nﬂ/aaﬁ(w)vrd}jﬁﬁ = ng(o(v,)vy) (21)

U gornjoj formuli, o,5(v,) predstavlja totalni presek za rasejanje, v, je relativna brzina ce-
stica, a P’ predstavlja verovatnoéu da jedan par Gestica ima relativhu brzinu u intervalu
vy, Uy + dv,.. Ova raspodela moze biti Maxwell-ova, ali ne i nuzno. Ako se ipak pretpostavi da
ima oblik Maxwell-ove raspodele, onda se dobijaju tzv. Spitzer - Harm-ove formule za sudarne
frekvencije. Totalna sudarna frekvencija za elektrone v, = v, + ve; =~ 2v,;, Sto daje [30]:

4 2 . 2
V= = /l( cci ) e 1Ay (22)
3V me \dmeq (kT.)?2

Sudarna frekvencija za sudare elektron - elektron i elektron - jon je priblizno ista jer srednji
slobodni put elektrona najvise zavisi od njegove energije. Totalna sudarna frekvencija za jone
predstavlja ustvari kolizionu frekvenciju za sudare jon - jon jer joni sudare sa elektronima
slabo osecaju zbog dosta vece mase. Ova frekvencija je [30]:

4 2N oy
V; = Vy; + Vie =X Vi = — l( % > n 3 In Au (23)
3V m; \dmeo/ (KT;)2

Posto kolizione frekvencije opadaju sa porastom temperature elektrona i jona, sudari su
sve manje verovatni kako kineticka energija Cestica raste. Ovo predstavlja veliko ogranic¢enje
omskog zagrevanja plazmi koji se koristi kod grejanja fuzionih plazmi.




2.1.3 Kriterijum vazZenja plazmenog stanja

Dakle, kao posledica gore navedenih kolektivnih interakcija u plazmi, sada se moze for-
mulisati i kvantitativni uslov vazenja plazmenog stanja, odnosno kada se za materiju moze
re¢i da se nalazi u stanju plazme. Da bi materija bila u stanju plazme, moraju da budu
zadovoljena dva uslova:

1. Da je zadovoljen uslov makroskopske elektroneutralnosti. Da bi ovaj uslov bio zadovo-
ljen, dimenzije prostora koji zauzima plazma moraju biti mnogo veée od Debyeve sfere
plazme. Ovaj uslov piSe se tako da vazi:

r <V (24)

2. Da bi se razvile oscilacije u plazmi, potrebno je da je uticaj sudara dosta mali. Iz ovoga
proizilazi da mora da vazi uslov:

Wpa > Vg (25)

Gde je v, = ZB Vg ukupna koliziona frekvencija cestica vrste a a wp, je plazmena
frekvencija za tu vrstu Cestica.

Ukoliko gas na nekoj temperaturi ispunjava oba gornja uslova, taj gas se moze zvati plazmom.

2.2 Dijagnostika plazme

Za proucCavanje i merenje parametara u plazmi razvijene su razne metode do danas. Prve
metode uklju¢uju sonde, a neki primeri su Langmuir-ove sonde za merenje temperature i kon-
centracije elektrona u plazmi, te za merenje elektri¢nog polja u plazmi [32]. Kalem Rogowskog
se koristi za merenje struje koja prolazi kroz plazmu [32], dok se Mirnov-ovi kalemovi koriste
za merenje fluktuacija magnetnog polja u plazmi. Potom imamo laserske tehnike dijagnosti-
ke plazme koje uklju¢uju Thomson-ovo rasejanje za merenje gustine elektrona i temperature
elektrona, lasersku interferometriju za merenje gustine elektrona, lasersku reflektometriju za
merenje profila koncentracije elektrona i fluktuacije gustine elektrona itd [32]. Pored lasera, u
plazmu se mogu ubacivati i neutralne ¢estice koje sluze kao probe za pracenje razli¢itih proce-
sa u plazmi. Kona¢no, jedna od najrasprostranjenijih tehnika za merenje parametara plazme
jeste spektroskopija plazme. Spektroskopija se radi u skoro svim oblastima elektromagnet-
nog spektra (tvrdi i meki X - zraci, UV spektroskopija, opticka emisiona spektroskopija) u
zavisnosti od procesa koji se posmatra [32]. U ovoj tezi, akcenat je na optickoj emisionoj spek-
troskopiji plazme i na spektroskopiju u ekstremnoj ultraljubicastoj (eng Extreme Ultraviolet
- EUV) oblasti spektra. U daljem tekstu bice re¢i o optickoj emisionoj spektroskopiji pla-
zme, Sirenju spektralnih linija i o EUV spektroskopiji plazme. Za ostale dijagnosticke metode
¢italac se upucuje na odgovarajucu literaturu [32,33].

2.2.1 Opticka emisiona spektroskopija

Kao posledica razlicitih procesa u plazmi, u svakom trenutku postoje pobudene cestice
plazme (jona ili neutrala) koje emituju zracenje iz optickog dela spektra. Ovo zracenje se
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putem sistema ogledala i so¢iva dovodi na ulazni slit spektrometra i pomoc¢u odgovarajuceg
detektora na njegovom izlazu se ovo zracenje snima. Rezultujuce emitovane spektralne linije
nisu beskonac¢no uske, nego su prosirene usled razli¢itih efekata vezanih za plazmu kao i
sam instrument kojim se ovo zrac¢enje posmatra. Na prvom mestu, postoji prirodno Sirenje
spektralne linije kao posledica Heisenberg-ove relacije neodredenosti za energiju i vreme, ali
o ovom S§irenju u ovoj tezi nece biti reci, ali se detalji mogu nac¢i u odgovarajucoj literaturi
(npr. [34]). Pored toga, sam instrument takode uzrokuje odredeno Sirenje linije, koje se naziva
instrumentalno Sirenje i obi¢no je opisano Gauss-ovom funkcijom.

2.2.1.1 Doppler-ovo Sirenje spektralne linije

Zbog relativnog kretanja emitera u odnosu na posmatraca (u nasem sluc¢aju merni in-
strument), dolazi do Doppler-ovog Sirenja spektralne linije. Doppler-ovo Sirenje ustvari pred-
stavlja kumulativni efekat Doppler-ovog pomeraja pojedinacnih emisija svakog emitera usled
Doppler-ovog efekta. Relativno jednostavno moze se pokazati da ovaj profil spektralne linije
ima Gauss-ovu raspodelu koja je oblika [34]:

I(w) = Ipexp [— (MY} (26)

WoUp
Gde je wy centralna frekvencija na kojoj se emisija deSava, a v, = \/% predstavlja najve-

rovatniju brzinu emitera. Ukoliko se zamene sve konstante, moze se do¢i do poznatog izraza
za polusirinu spektralne linije izazvane Doppler-ovim efektom:

[T
AN =T7.16- 107"\ i (27)

Pri ¢emu je M molarna masa emitera, a \y centralna talasna duzina izrazena u angstremima.

2.2.1.2 Stark-ovo Sirenje spektralnih linija

Jos jedan mehanziam Sirenja spektralnih linija u plazmi predstavlja Sirenje usled pritiska.
Ovo znaci da zbog interakcije emitera sa okolnim ¢esticama u plazmi dolazi do Sirenja i pome-
ranja spektralnih linija. Po tipu interakcije, moze se govoriti o dva efekta. Ukoliko govorimo
o interakciji emitera i elektricnog polja generisanog od strane slobodnih nelektrisanih ¢estica,
onda se radi o Stark-ovom efektu [35]. Ako se radi o dipol - dipol interakciju izmedu emitera
i perturbera, onda je to van der Waals-ovo Sirenje spektralnih linija. U daljem toku teze, bice
re¢i samo o Stark-ovom Sirenju spektralnih linija.

Stark-ovo Sirenje spektralne linije potice od slobodnih naelektrisanja koja okruzuju emi-
ter, koja svojim mikropoljima modifikuju proces emisije, $to rezultira pomeranjem ili Sirenjem
spektralne linije [35]. Pionirski radovi iz teorije Stark-ovog Sirenja poti¢u od Griem-a [36-38]
i Baranger-a [39-41], a kasnije su razvijene razli¢ite teorije i matematicki formalizmi od kojih
se ve¢ina moze nac¢i u referenci [35]. U zavisnosti od toga da li su slobodna naelektrisanja
elektroni ili joni, razlikuje se matematicki tretman. Elektroni se tretiraju u tzv. sudarnoj
aproksimaciji (eng. impact approximation) u kojoj sudari elektrona sa emiterom uzrokuju
promene u fazi emitovanog talasa $to daje Lorentz-ov oblik spektralne linije [35]. Sa druge
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strane, joni se tretiraju kvazistaticki i njihov efekat se opisuje preko raspodele lokalnog mikro-
polja koju su dali Holtsmark [42], Mozer i Baranger [43], odnosno Hooper [44-46]. Uopsteno,
profil linije se dobija iz Fourier-ovog transforma autokorelacione funkcije operatora dipolnog
momenta C(t) [35]:

I(w) = Re % /0 Tt exp (—iwt) {[C (1) (28)

Vitic¢aste zagrade predstavljaju usrednjavanje po svim mogué¢im konfiguracijama mikropolja.
Ova funkcija ima oblik:
C(t) = te[D(0) - D(t) p] (29)

Gde je p matrica gustine, a D(t) operator dipolnog momenta u Heisenberg-ovoj slici:
D(t) = UT(t)D(0)U(t) (30)
A U(t) predstavlja evolucioni operator koji zadovoljava Schrodinger-ovu jednacinu [35]:

U = HOU() = (Ho +qB(1) - R)U() (31)

Pri ¢emu je Hy neperturbovani hamiltonijan, a ¢lan ¢E(¢) - R predstavlja perturbaciju u
dipolnoj aproksimaciji. U ovom izrazu, E(t) predstavlja vremensku zavisnost mikropolja koje
generisu naelektrisane ¢estice u plazmi.

2.2.1.3 Kvazistaticko Sirenje spektralnih linija

Ukoliko je polje staticko, onda evolucioni operator ima oblik:
U(t) = exp (—%Ht) = exp (—%(Ho +qE-R)t) (32)

Pri ¢emu je E konstantan vektor elektri¢nog polja. Ukoliko napisemo da je € svojstvena
vrednost operatora H, onda u svojstvenom bazisu operatora H mozemo pisati da je dipolni
operator oblika [35]:

1 1
D]Z(t) = exXp (ﬁé‘]t)Dﬂ(O) exp <_ﬁ51t) (33)
Autokorelaciona funkcija se onda moze napisati u obliku [35]:
?
C(t) = exp (—ﬁ(gi —£,)t)Di;Djipii (34)
j

Svojstvene vrednosti operatora H mogu se izraziti kao suma neperturbovanog dela koji potice
od operatora Hj i interakcionog dela koji potice od interakcije emitera sa poljem perturbera.
Tako se dolazi to izraza [35]:

£ = 5,(60) + Agy, (35)

Koristeci ovaj izraz, i uvodedi notaciju da je wy; = %(g; — ¢;) iz jednacine (34) dobijamo [35]:

Z exXp _Z<wz] + AWz]) DZJD]lpZZ Z IZJ eXp Zwl] ) (36)

]
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Gde je I;; intenzitet odgovarajuce spektralne komponente. Usrednjeno po svim konfiguraci-
jama mikropolja, prema izrazu (28) dobi¢emo na kraju [35]:

I(w) = Z{JURe % /0 "t exp (—i(w — wij)t)} = Y _{I;;0(w — wy)} (37)

ij

Ovo usrednjavanje se moze obaviti na slede¢i nacin [35]:
I@) =Y [ CEWE)LES - wy(B) (39)
ij

U gornjem izrazu, W(E) predstavlja verovatno¢u da perturbujuce polje ima vrednost E.
Dakle, kako bi se izrac¢unao konacan profil spektralne linije, moraju biti poznate svojstvene
vrednosti i stanja operatora H, kao i raspodela verovatnoé¢e mikropolja u plazmi. Prvu ras-
podelu verovatnoc¢e mikropolja u plazmi je dobio Holtsmark [42], pod pretpostavkom da je
plazma sastavljena od slobodnih i statisticki nezavisnih ¢estica. Uz ovu pretpostavku, moze
se pokazati da je karakteristi¢na funkcija funkcije raspodele oblika [35]:

A(k) = (exp (ik - E))" (39)

Dodatno, Holtsmark je u [42] pretpostavio da je plazma homogena i izotropna, pa je funkcija
raspodele onda P(r)d*r = %. Ovde je V' zapremina plazme, te se dobija konacan oblik
karakteristi¢ne funkcije funkeije raspodele mikropolja [35]:

Ak) = [%/Vdrﬂ%r (40)

Ukoliko se dodatno pretpostavi da je polje dato kao Coulomb-ovo polje i uvede smena x =

4;;#, nakon resSavanja integrala dobija se [35]:
21| gk 13/2 [T dx sin x\ 1"
Ay = 1= ) / Ss(1- 2] 41
(k) V ldreq 0 T2 x (41)

U grani¢nom slucaju kada n — oo, pri ¢emu se gustina plazme drzi konstantnom (V' — oo
kada n — oo tako da N = {; bude konstantno) dobija se na kraju [35]:

A(k) = exp [~ (kFo)*"?] (42)

Pri ¢emu je Fj tzv. Holtsmark-ovo polje dato sa [35]:

Fy = (2\/%> 4 (43)

5 dmegrg

1/3
Ary = %) predstavlja karakteristicno rastojanje izmedu dve Cestice unutar plazme.

Posto A(k) zavisi samo od intenziteta vektora k, inverznom Fourier-ovom transformacijom
dobija se funkcija raspodele mikropolja unutar plazme [35]:

sin(kE)
kE

W(E) = — / Pexp (—ik - E)A(k) = —— / " R A(h) (44)

- 83 T o2

12



Koristenjem jednacina (42) i (44) dobijamo da je gustina verovatnoc¢e P(F) koja zavisi samo
od intenziteta mikropolja, data sa [35]:

2 oo
P(E) = 47E*W(E) = =F / dkk exp [—(kF)*/?] sin(kE) (45)
™ Jo
Konac¢no, ako se uvede normalizovano polje f = FEO i x = kF, dobijamo konacan oblik
Holtsmark-ove raspodele [35]:
2 oo
H(B) = —ﬂ/ dx exp (—2*%)x sin(Bx) (46)
T Jo

Ova raspodela prikazana je na slici 2. Posto je polazna pretpostavka Holtsmark-a o plazmi kao
skupu slobodnih i statisticki nezavisnih ¢estica bila jako gruba, kasnije su Ecker i Miiller [47],
Baranger i Mozer [43], kao i Hooper [44—46] razvili teoriju za kvazistaticko Sirenje koje uzima
u obzir korelacije izmedu naelektrisanih ¢estica u plazmi.
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Slika 2: Holtsmark-ova raspodela za razlicito normalizovano polje 3

Prilaz koji su koristili Baranger i Mozer jeste klaster razvoj karakteristicne funkcije funkcije
raspodele koriste¢i Mayer - Ursell-ove fnkcije [35], kao i uvodenje razlike u prorac¢unu za visoko
frekventna polja i nisko frekventna polja. Ova razlika je napravljena pomocu pretpostavke
o razli¢itm uzrocima postojanja niskofrekvenith i visokofrekvenitnih komponenti polja, gde
se smatra da visoko frekventna komponenta elektricnog polja poti¢e od elektrona, a nisko
frekventna komponenta polja potice od superpozicije polja generisanog od strane jona i efekta
ekraniranja od strane elektrona [35]. Autori su rezultate dali u obliku tabela za nekoliko
vrednosti gustine elektrona N, i temperature elektrona T,. Hooper-ov pristup ima slican
matematicki tretman kao kod Baranger-a i Mozer-a, ali uvodi dodatni parametar kako bi
smanjio gresku odsecanja u Mayer - Ursnell-ovom razvoju karakteristicne funkcije [35]. Ovajj
pristup, iako formalno drugaciji od Mozer-a i Baranger-a, daje poklapanje sa Holtsmark-ovim
rezultatima. [35].
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2.2.1.4 Sudarna aproksimacija

Sudarna aproksimacija je razvijena od strane Baranger-a u seriji radova [39-41]. Ukoli-
ko nije drugacije naglaseno, u paragrafima 2.2.1.4 i 2.2.1.5 koristi¢e se CGS sistem jedinica.
Sudarna aproksimacija predstavlja aproksimaciju gde emiter interaguje samo sa jednim per-
turberom u analiziranom vremenskom intervalu. Drugim re¢ima, vreme interakcije 7 je mnogo
manje od srednjeg vremena izmedu dva sudara AT [48]:

T L AT (47)
Autokorelaciona funkcija ima oblik [48]:
C(t) = trglpp tr,[DUT (t)DU(1)]] (48)

Pri ¢emu je trg trag u prostoru stanja emitera, trp je trag po svim stanjima perturbera,
dok je pg je matrica gustine stanja emitera. Ukoliko je pretpostavka da se perturberi kre-
¢u po klasi¢nim putanjama, trag po stanjima perturbera moze da se zameni statistickim
usrednjavanjem po ansamblu, pa se dobija:

C(t) = trglpe {DU'(H)DU(1)}] (49)

Jos jedna aproksimacija koja se na ovom mestu uvodi jeste aproksimacija kompletnog su-
dara [48]. Pod kompletnim sudarom podrazumeva da se ¢itav proces interakcije zavrsi pre
emisije fotona. U tom slucaju, oblik spektralne linije moze se izraCunati primenom teori-
je atomskih sudara, tj. problem se svodi na trazenje i izraCunavanje matrica rasejanja S.
Poslednja pretpostavka je da je spektralna linija izolovana, a to znac¢i da nema degeneraci-
je nivoa, odnosno nema preklapanja susednih atomskih nivoa. Tada, oblik spektralne linije
F(w) emitovane pri prelasku elektrona sa nivoa i (a;.J;) i f(ayJs) opisan je Lorentz-ovom
funkcijom i moze se pisati [48]:

4ot

Hw) = pplaidi) 5 5 F(w) (50)

1 [T
F(w) = —/ dte' @D O (t) (51)

T Jo
C(t) — 67(w+id)t (52)
Sto na kraju daje:

F(w) = ~ (53)

m[(w — wif — d)? + w?
U slucaju lokalne termodinamicke ravnoteze, gustina stanja predstavljena je Boltzmann-ovim

faktorom:
E.

_ k3

e FBT (54)

pE(aiJi) = giZ(T)

Gde je g; statisticka tezina nivoa («;.J;), E; njegova energija, a Z(T') particiona funkcija na
temperaturi 7'. Polusirina na polovini visine (HWHM) i pomeraj spektralne linije opisane
profilom datim jedna¢inom (51) moze se dobiti iz:

w+id = trp(1 - SS],) (55)
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Trag po perturberima mozemo pisati u slede¢em obliku [48]:

+o0 +o0 a0
trp = Np vf(v)dv 2rpdp ¢ — (56)
0 0 dm

Gornja jednacina napisana je u semiklasi¢noj aproksimaciji, gde se perturberi kre¢u po klasic-
nim putanjama sa parametrom sudara p. Perturberi, ¢ija je gustina Np se kreéu relativnom
brzinom v, sa raspodelom brzina f(v) koja je opisana Maxwell-ovom funkcijom. Integral

ds?
47
predstavlja usrednjavanje po svim pravcima sudarajucih ¢estica. Prema tome, dobijamo [48]:

400 400
w+id = Np/ vf(v)dv/ 2mpdp(l — SiiS}f)mgulW average (57)
0 0

Ugaono usrednjavanje moze biti napisano kao linearna kombinacija 3; koeficijenata i inici-
jalnih i finalnih stanja S matrice. Finalna formula izgleda na sledeé¢i nac¢in [48]:

“+oo “+oo 1
wHid = Np/o vf(v)dv/o 2npdp X [Z m(aiJiMAT(p, V)| i M)+

Mi
1

2 577 e M| T (o, v)lag T M) —

My <07
- (—1)2Jf+Mf+Mf< Ji 1 Jf)( Jz/ 1 Jf/>><

MM, -M; p My =M;op M

MM,

I

X (i Ji M T (p, ) s JiM; Yo My T (0, 0) g T My )|

Gde je T =1 — S. Konciznije zapisano, imamo da je [48]:

+o0
w+id = Np/ vf(v)dv X [(a(aiJi —alJ,v)+o(apJ; — o/J/,v)>—
0

— 2Re /0+OO 2mpdp [ Z (_1)2Jf+Mf+M}< Ji 1 I ) ( Ji 1 Ii > X

/ /

Y -M;  p My =M, po M,
MM,
o

X (@i Ji M| T(p, ) s Mo Jy My T (p,v) g T M) |
(59)

Gornja jednacina nam sada pruza mogucénost interpretacije ¢lanova. Prvi ¢lan u (59) pred-
stavlja sumu svih preseka za neelasticno rasejanje pri ¢emu se indukuju ekscitacioni i deek-
scitacioni prelazi sa gornjeg nivoa emitera «;.J; ka svim nivoima perturbera a.J. Sli¢no i za
drugi ¢lan, koji predstavlja deekscitacije i ekscitacije sa donjeg nivoa emitera ayJ; ka svim
nivoima perturbera o' J . Treéi ¢lan predstavlja interferencioni ¢lan kojeg sacinjava linearna
kombinacija nedijagonalnih elemenata 7" matrice.
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2.2.1.5 Semiklasi¢na perturbaciona aproksimacija (SCP)

Ova aproksimacija se zasniva na sudarnoj aproksimaciji iznesenoj u paragrafu 2.2.1.4.
Pretpostavka je da se perturberi kreéu po klasi¢nim putanjama, pri ¢emu se uvodi aproksi-
macija da na oblik trajektorije perturbera ne utice interakcija sa emiterom. Emiter se tretira
kvantno - mehanicki, a interakcija perturber - emiter se tretira pomoc¢u vremenski zavisne per-
turbacione teorije. Ovaj prilaz razvila je Sylvie Sachal - Brechaut u svojim radovima [27,28],
a kasnije dodatno dopunjena u saradnji sa Milanom Dimitrijevi¢em [49].

Prilikom postavke simulacije, ukoliko je re¢ o neutralnim atomima, trajektorije pertur-
bera su prave linije, dok su za jonske emitere te trajektorije hiperbolicke [48]. Matrica T se
ra¢una tako 8to se matrica S, koja je oblika [48]:

“+o00

S = T(exp(% /_ V(1)) ) (60)

[e.9]

Razvije u Dyson-ov red do drugog ¢lana. U jednacini, 7 predstavlja hronoloski operator, a
V (t) interakcioni potencijal za sistem emiter - perturber. Pod pretpostavkom idealne plazme,
interakcioni potencijal je zapravo elektrostaticki potencijal oblika [48]:

V)=V = (Zp + N)Zpe” Zpe®y L (61)

rp Tip

=1

Ovde (Zg+ N) predstavlja naelektrisanje jezgra, a Zp predstavlja naelektrisanje perturbera.
Rastojanje rp je rastojanje izmedu jezgra i perturbera, a 7;p je rastojanje izmedu i-tog
elektrona emitera i perturbera. Sledeé¢i korak je razvoj 1/r;p po multipolima, pri ¢emu se
¢uvaju samo ¢lanovi u aproksimaciji dugog dometa. Razvoj je oblika [48]:

ZEZP€2 o= 47TZP€2 1 X A
v = ZE2PC VY, Y (ry 62
rp — 2\ + 1 T]);ﬂ #;A;Tz )\N<TP) /\p(r ) ( )

Gde je Y, sferni harmonik. Zbog sferne simetrije, Coulomb-ov ¢lan je jedank nuli, pa dipolni
i kvadrupolni ¢lan postaju bitni i oni se zadrzavaju u racunu. Sada se ovaj oblik potencijala
vraca u Dyson-ov red i ra¢una T matrica, pa potom se iz jednacine (59) dobija Sirina spek-
tralne linije na polovini visine (FWHM) i pomeraj spektralne linije d.

Granica vazenja semiklasi¢ne perturbacione aproksimacije jeste zapravo granica vazenja su-
darne aproksimacije. Ako se vratimo na jednacinu (47), srednje vreme izmedu dva sudara
mozemo izraziti kao AT = Npvy,,p7,, [48], dok se srednje vreme interakcije moze proceniti sa
T = Pryp/Vtyp- Ovde je pyy, srednji parametar sudara, a vy, tipiéna srednja relativna brzina
perturbera. Kada se sve uzme u obzir dobija se uslov vaZenja udarne aproksimacije [48|:

1
Pryp K Np* (63)

Sve dok je zadovoljen gornji uslov, i SCP teorija daje dobre rezultate. Druga aproksimacija
koja je krucijalna za teoriju jeste aproksimacija izolovane linije, tj. da ne dolazi do preklapa-
nja perturbujuéih i atomskih nivoa [48]|. Ova aproksimacija postaje kriti¢na ukoliko imamo
prelaze sa visokih nivoa (sa visokim glavnim kvantnim brojem) ili na velikim gustinama, pa
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srednja energija elektrona moze postati uporediva sa energetskim razmakom izmedu nivoa
AF, sto moze dovesti do meSanja perturbovanih i atomskih stanja.

Tokom godina, poluSirine linija i pomeraji su racunati za razli¢ite emitere i razlicite pre-
laze, a svi podaci su upisani u Stark- - B bazu podataka [?|, gde postoji pristup bilo kom
rac¢unatom prelazu. Postojanje ovako velike baze podataka navodi na ideju da bi vestacka
inteligencija i maSinsko ucenje mogli da se upotrebe za novi pristup prouc¢avanju spektralnih
linija.

2.2.1.6 Regularnosti Stark-ovog Sirenja spektralnih linija

Kako Stark-ova poluSirina zavisi od parametara plazme i atomske strukture, a atomska
struktura emitera pokazuje razne regularnosti, za ocekivati je da se to nekako manifestuje i
u slu¢aju Stark-ovih polusirina [50]. Zbog jednostavnosti atomske strukture, alkalni i zemno
- alkalni metali bi trebalo da pokazuju najizrazenije regularnosti. Sa porastom slozenosti
atomske strukture, ove regularnosti postaju sve manje uocljive [50]. U svom preglednom
radu, Wiese i Konjevi¢ [50] su podelili ove regularnosti u tri grupe:

1. regularnosti u okviru spektra emitera. Tu mogu biti regularnosti duz spektralne serije,
te za kompleksnije spektre, regularnosti u okviru multipleta. Neki primeri se mogu naci
u radovima [51-53|

2. regularnosti u okviru istih prelaza kod homolognih atoma [54, 55]|.
3. regularnosti duz izoelektronskog niza za posmatrani prelaz [56-58|.

Purié¢ zajedno sa svojim saradnicima je intenzivno proucavao regularnosti Stark-ovog efekta
[59-63|. Prema tim radovima, moguce je uspostaviti vezu izmedu Stak-ove polusirine linije w i
jonizacionog potencijala gornjeg nivoa x = F,— I, pri ¢emu je F, energija gornjeg nivoa, a F;
predstavlja jonizacionu energiju atoma. Puri¢ i Séepanovic [64] su u svom radu predlozili opstu
formulu za odredivanje Stark-ove polusSirine jonskih emitera na osnovu uocenih regularnosti:

w= N.f(T)Zax™" (64)

U gornjoj formuli y predstavlja potencijal jonizacije gornjeg nivoa, Z predstavlja naelektrisa-
nje jona koje vidi elektron koji vrsi prelaz. Parametri a, b i ¢ predstavljaju fit parametre koji
ne zavise od temperature elektrona, gustine elektrona i jonizacionog potencijala. Funkcija
f(T) najcesce ima oblik:

f(T)=A+ BT ¢ (65)

Gde je C jo$ jedan fit parametar. Vazenje formule (64) provereno je u nizu radova Purica
i saradnika [65-68|, ali univerzalni fit parametri do sada nisu utvrdeni. Regularnosti duz
spektralnih serija neutralnog litijuma ispitane su i u ovoj tezi primenom masinskog ucenja,
a rezultati ove analize su prikazani u delu 3.
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2.2.2 EUYV spektroskopija plazme

EUYV spektroskopija podrazumeva merenje zracenja iz plazme u opsegu talasnih duzina od
5 do 100 nm. Zbog velike apsorpcije zracenja od strane atoma kiseonika u ovom spektralnom
delu, sva merenja kao i spektrometar moraju da budu pod vakuumom. Dodatne poteskoée
predstavlja skupljajuéa i fokusirajuc¢a optika, jer samo ograni¢en broj materijala ima neza-
nemarljivu refleksiju u ovom delu spektra. Iz tog razloga, koriste se sferne resetke koje se
ponasaju i kao disperzivni i kao fokusirajuci element unutar VUV i EUV spektrometra. Sto
se samog spektrometra ti¢e, postoje dve konfiguracije: u jednoj konfiguraciji, ulazni slit je
fiksiran tako da imamo veliki upadni ugao na resetku zbog smanjenja gubitaka usled astig-
matizama, dok se izlazni slit spektrometra pomera po krugu polupre¢nika R. Ovaj krug se
naziva Rowland-ov krug, a sama konfiguracija se naziva Paschen - Runge-ova konfiguracija.
U drugoj konfiguraciji, ugao izmedu upadnog i difraktovanog zraka sa resSetke je fiksiran, a
umesto da se pomera izlazni slit, reSetka se rotira tako da se omogucuje jednostavniji dizajn
spektrometra. Ovakva konfiguracija EUV spektrometra se naziva Seya - Namioka konfigu-
racija. U eksperimentalnom delu ovog rada koristen je spektrometar na bazi Rowland-ovog
kruga, pa ¢e o njemu biti viSe re¢i u nastavku, dok je druga konstrukcija detaljno prikazana
u radu [69].

Rowland je u svom radu pokazao da ako se reSetka ureze na sfernom ogledalu, ona moze
sluziti i kao sopstveni kolimator te se spektrometar svodi na tri elementa: slit, resetku i de-
tektor [70]. Dokaz ovog koncepta ogleda se u ¢injenici da ako reetka i slit leze na krugu ¢iji je
precnik jednak poluprec¢niku krivine resetke, pri ¢emu je resetka tangenta na krug, spektralne
linije su u fokusu na krugu. Jednacina resetke u tom slucaju ista je kao i za ravnu resetku, sto
je pokazano i u detaljnim teorijskim razmataranjima Beutler-a o konkavnoj resetki izloZzenim
u [71]. Dakle, jednacina resetke postaje:

mA = d(sin « + sin f3) (66)

Gde je d konstanta resetke, a predstavlja upadni ugao a § predstavlja difraktovani ugao. Ono
Sto se menja u odnosu na slucaj ravne difrakcione reSetke jeste izraz za recipro¢nu disperziju,
koji postaje [70]:

d\  1d\ dcosp

di Rd3 R
1z jednacine (67) da veci radius resetke daje bolju rezoluciju spektrometra, a standardni prec-
nici kruga su 1, 3, 6 ili 6.6 m. Povec¢anje radijusa resetke osim $to otezava proces proizvodnje
same reSetke, utice i na povecanje gabarita, odnosno smanjenje svetlosne moéi instrumenta,
pa se danas kao kompromis koriste standardne dimenzije resetki od 0.5, 11 3 m.
Astigmazitam predstavlja glavni izvor gubitaka kod sfernih difrakcionih reSetki, i prema
Beutler-u, dat je izrazom |71]:

(67)

cosﬁ) (68)

2= l(sin25+sin2oz
cos o

Ovde 2’ predstavlja duzinu lika usled astigmatizma nakon fokusiranja tackastog izvora, a [
predstavlja visinu ureza na reSetci. Da bi ovi gubici bili manji, upadni ugao zraka mora biti
manji.
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2.3 Laserski indukovana plazma

Kako je u ovoj doktorskoj disertaciji koristena metoda laserski indukovanog proboja u
svrhu kvantitativne analize uzoraka c¢elika, u ovom poglavlju bi¢e objasnjene osnove inter-
akcije lasera sa materijalom i proces formiranja laserski indukovanih plazmi. Potom ¢e biti
date osnovne dijagnosticke metode laserski indukovanih plazmi, dok ¢e na kraju biti opisana
metoda laserski indukovanog proboja kao analiticke tehnike koja se moze koristiti kao tehnika
za kvantitativnu analizu.

Spektrometar
—Z—Detektor
Laser o 1

FS

Kolimator

Meta

intenzitet signala 4

laser kontinuum -
joni

Td \\
19
\\\"'_"'\\

1ns 10 ns 100 ns 1ps 10 ps 100 ps
vreme od laserskog impulsa

v

Slika 3: Tipica eksperimentalna postavka spektroskopije laserski indukovanog proboja (gore) i vre-
menska zavisnost evolucije spektra i pojave emisionih linija u laserski indukovanoj plazmi (dole)

Laserski indukovane plazme se mogu proizvesti tako sto se laserski impuls velike snage
fokusira na ispitivanu metu. Nastala plazma se potom vrlo ¢esto analizira spektroskopskim
putem, u cilju odredivanja elementarnog sastava ispitivanog uzorka [72|. Dalje se na osnovu
razli¢itih hemometrijskih metoda mogu odrediti i relativne koncentracije elemenata u uzorku.
Ova analiticka metoda je dobila ime spektroskopija laserski indukovanog proboja (eng. Laser
Induced Breakdown Spectroscopy (LIBS)). Tipi¢na LIBS postavka prikazana je na slici 3
gore. Laserski impuls preko sistema ogledala O i soc¢iva FS se fokusira na metu, gde se usled
interakcije jakog laserskog zraCenja sa metom stvara plazma na povrSini mete. Svetlost emi-
tovana iz plazme se potom pomocu sociva projektuje na ulazni slit spektrometra,ili se vodi
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pomocu kolimatora i fiber optickog kabla direktno na ulazni slit spektrometra kada prostorna
raspodela emitovanog zrac¢enja nije od interesa. Kao detektor se obi¢no koristi iCCD ili CCD
kamera Cesto sinhronizovana pomocu elektronike za kasnjenje, oznac¢ene sa DDG (eng. Digital
Delay Generator) na slici postavke. Signal sa kamere se dalje preko kompjuterskog softvera
snima i Salje se za dalju obradu.

Usled nehomogenosti uzorka i drugih faktora koji uticu na nereproduchilnost interacki-
je laser-meta, a u cilju dobijanja kvalitetnijeg signala u smislu odnosa signal-Sum, ¢esto se
signali dobijeni LIBS tehnikom akumuliraju ili usrednjavaju [72|. Posto laserski indukova-
na plazma predstavlja impulsni izvor svetlosti, njena vremenska evolucija prac¢ena je veoma
brzim promenama svetlosnog signala ¢iji se intenzitet i trajanje hronoloski moze objasniti
dominantnim uticajima pojedina¢nih faktora, sto je u pojednostavljnoj formi prikazano na
slici 3 dole. U pocetnim vremenima, emisionim spektrom dominira kontinuum koji nastaje
usljed zako¢nog zracenja i rekombinacionih procesa u plazmi [72|. Da ovaj kontinuum ne bi
prekrio koristan signal koji dolazi od elemenata zastupljenih u tragovima, u LIBS merenjima
je karakteristi¢no da se radi pocetno kasnjenje od 1 us. Nakon $to prode par stotina nano-
sekundi, dolazi do pojave emisije jonskih linija, koje nestaju sa opadanjem temperature u
plazmi, i posledi¢no, dolazi do pojave emisije linija neutralnih elemenata na oko 5 do 10 us od
kraja laserskog impulsa. Na kraju, nakon Sto temperatura dovoljno opadne, dolazi do pojave
molekulskih traka. Zbog opisane vremenske dinamike emisije laserski proizvedene plazme,
za vremenski nerazlozena merenja, tipi¢no postoje dva vremena karakteristi¢na za snimanje
spektra. Prvo vreme, 7; predstavlja vreme koje prode od laserskog impulsa do aktiviranja
senzora i poCetka snimanja spektra (eng. delay time) i 7, (eng. gate) koje predstavlja vreme
ekspozicije kamere i u zavisnosti od detektora moZe biti reda nekoliko mikrosekundi (iCCD
kamere) do nekoliko milisekundi (obi¢no CCD kamere).

2.3.1 Proces formiranja laserski indukovane plazme

Proces formiranja laserski indukovane plazme i dinamika njenog razvoja prikazani su na
slici 4. Prilikom interakcije laserskog zracenja sa metom, slobodni elektroni koji nastaju u
nelinearnim procesima interakcije lasera i okolnog gasa (npr. visefotonskom apsorpcijom), in-
teraguju sa laserskim zrakom i sluze kao inicijalni absorberi energije [73|. Fotonska apsorpcija
se najcesce vrsi putem inverznog zako¢nog zracenja [72]. Ovi elektroni se izmedu dva sudara
ubrzavaju pod dejstvom elektri¢nog polja laserskog zraka i u sudarima sa okolnim ¢esticama
kreiraju nove elektrone i jone, koji dalje mogu da interaguju sa elektri¢nim poljem i da budu
ubrzani [72]. Ovo pravi lavinski efekat ubrzavanja i produkcije novih elektrona i jona koji su
sposobni da dalje ekscituju ili jonizuju konstituente plazme.

Nakon uspostavljanja plazme, dolazi do njene ekspanzije u radijalnom pravcu brzinama
reda veli¢ine nekoliko kilometara u sekundi. Najvec¢u ekspanziju plazma ima u pravcu foku-
sirajuceg sociva, poSto je najveéi dotok energije u plazmu iz tog pravea |72]. Uspostavljanje
plazme je obi¢no praceno jakim praskom usljed prostirujuceg udarnog talasa koji dolazi iz
fokalne zapremine. Upadni laserski zrak veoma brzo greje i topi materijal sa kojim interaguje,
zatim materijal mete isparava u sloj odmah iznad povrSine mete gde ga dalje zagreva laserski
zrak. Sa porastom gustine elektrona u plazmi, sve veéi deo laserskog zraka ostaje apsorbovan
u plazmi dok manji deo prolazi do povrsine mete. U jednom trenutku, ¢itav laserski snop je
apsorbovan od strane plazme, meta je ekranirana a plazma se Siri u pravcu laserskog snopa.
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Slika 4: Vremenska zavisnost evolucije laserski indukovane plazme.

Kriticna gustina za ovaj proces data je izrazom:
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Pri ¢emu je A talasna duzina lasera izrazena u mikronima. U procesu eskpanzije plazme bitne
su tri oblasti: plazma front, udarni front i apsorpcioni front. Ove zone prikazane su na slici

5. Pri najmanjim intenzitetima, udarni front je

ispred apsorpcionog i plazma fronta koji su

kuplovani [73]. Akumulirana energija udarnog talasa odmah iza udarnog fronta kao i zracenje
iz plazme su potrebni kako bi gurali apsorpcionu zonu ka laserskom zraku.

- Radijalno Siredi
udarni front

laser

<—

Udarni front
Apsorpciona
zona

Plazma
front

Slika 5: Dijagram ekspanzije plazme na cvrstim
metama

Daljim povecéenjem intenziteta, udarni
front dobija dovoljno energije da zagreje
okolni gas tako da dode do apsorpcije laser-
skog zraka, te apsorpciona zona dolazi od-
mah iza udarne zone, a plazma front ostaje
iza njih. Ovaj rezim se naziva laserski po-
drzan detonacioni talas (eng. Laser Suppor-
ted Detonation wave) jer podseca na procese
usled hemijske eksplozije [73]. Konac¢no, na
najveéim iradijansama zracCenje iz plazme je
dovoljno jako da zagreje gas ispred sebe do
tacke kada krene apsorpcija laserskog zraka.
Ovime je apsorpciona zona kuplovana sa pla-
zma frontom i ovaj rezim se naziva laserski
podrzan radiacioni talas (eng. Laser Suppor-
ted Radiation wave). U ovom rezimu, sve tri
oblasti spojene su u jednu i tesko ih je ra-
zlikovati [73|. Laserski indukovane plazme,
kada je iradijansa lasera jako blizu granice
za formiranje plazme, dobro je opisana teo-

rijom laserski podrzanog detonacionog talasa, dok je pri veéim iradijansama bolje opisana sa
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modelom laserski podrzanog radiacionog talasa. Okolni gas takode ima uticaj na prostiranje
i konfiniranje radijalno ekspandujuce plazme tako Sto usporava Sirenje plazme, a pritisak
okolnog gasa utice na veli¢inu plazme. Pri jako niskim pritiscima (vakuum), plazma ima jako
male dimenzije, dok sa povecanjem pritiska raste i zapremina ekspandujuce plazme [73|. Posle
nekog pritiska, veli¢ina plazme opet krece da opada kako se priblizavamo atmosferskom priti-
sku. Takode, pritisak gasa ima uticaj i na vreme trajanja emisije spektralnih linija iz plazme.
Na atmosferskom pritisku, kao i u vakuumu, plazma traje krace, dok na niskim pritiscima
reda desetak mbar emisija spektralnih linija iz plazme moze trajati i do 100 ps.

2.3.2 Tipi¢ne vrednosti parametara laserski indukovanih plazmi

Laserski indukovane plazme se odlikuju sa relativno velikim gustinama elektrona i niskim
temperaturama elektrona. Jedna od glavnih dijagnostickih metoda za odredivanje gustine
elektrona u laserski indukovanim plazmama jeste opticka emisiona spektroskopija. Najcesce
koritene linije su vodonikove linije (najcesce H, ili Hg) ili linije okolnog gasa, ukoliko se
meta nalazi u kontrolisanoj atmosferi nekog pozadinskog gasa. To mogu biti npr. neke heli-
jumove linije (kao $to su He I 447.1 nm ili He II 468.6 nm). U nekim sluc¢ajevima moze se
koristiti i neka spektralna linija materijala mete, ukoliko sama meta poseduje linije pogod-
ne za odredivanje gustine elektrona spektroskopskim putem. Glavna prepreka odredivanju
gustine elektrona u plazmi spektroskopskim putem jeste samoapsorpcija spektralnih linija u
plazmi, $to je Cesto slucaj za laserski indukovane plazme koje su opticki debele za emitovanu
svetlost. Provera opticke debljine plazme moze se raditi eksperimentalno [74| koristenjem
konkavnog ogledala postavljenog na rastojanju od dve Zizne daljine od plazme. Poredi se
intenzitet spektralne linije sa i bez ogledala i ukoliko je taj odnos konstantan i priblizno
jednak 2, linija nije samoapsorbovana. Drugi nacin je teorijskim putem iz odnosa intenziteta
linija unutar istog multipleta [75]. Ako su ti odnosi priblizno isti, plazma je opticki tanka za
datu spektralnu liniju. Cesto se samoapsorpcija primecuje i tako sto su eksperimentalne linije
u zasi¢enju i imaju tzv. flat-top profil. U izrazenim slucajevima samoapsorpcije, spektralna
linija moZe da ima i rupu u centru, pa kazemo da je linija samo obrnuta (eng. self - reversed).
Tipi¢ne vrednosti gustine elektrona za laserski indukovanu plazmu kreé¢u se u invervalu od
N, ~ 3-10'" ecm™3 za mala vremena kagnjenja 75 do N, ~ 1-10% cm™2 za velika vremena
kasnjenja.

Odredivanje temperature elektrona u laserski indukovanim plazmama moze se takode
vrsiti spektroskopskim putem, a najcescée se koriste dve metode: Boltzmann plot metoda
i koristenje odnosa intenziteta emitovanih spektralnih linija. Oba metoda zasnivaju se na
osnovnoj pretpostavci o postojanju lokalne termodinamicke ravnoteze (LTR). Intenzitet emi-
tovane spektralne linije iz plazme koja nastaje prilikom prelaska elektrona sa nivoa i na nivo
J mozemo napisati u obliku:

Iz‘j = hl/ij’n,iAij (70)
Ovde je h Planck-ova konstanta, v;; frekvencija emitovanog fotona, n; je populacija gornjeg
energetskog nivoa a A;; je Einstein-ov koeficijent za spontanu emisiju za posmatrani prelaz.
Sada se iskoristi pretpostavljeni uslov vazenja LTR i uzme se da populacija nivoa ¢ prati

Boltzmann-ovu raspodelu po nivoima:
C . E;,—E;

I = h_&nje*Tj (71)

Aij 9j
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Ako se posmatra naseljenost u odnosu na osnovni nivo, gornja jednacina postaje:

A
me? e (72)

v

Iij:h

Logaritmovanjem i sredivanjem jednacine dobija se:

LN hen E;
1 i \ig -1 0 . 7 73

Odakle se uocava da se merenjem relativnih inteziteta Vise linija, ukoliko je zadovoljena
Boltzmann-ova raspodela, dobija linearna zavisnost In g” A:J- od E; i moguce je odrediti tem-
peraturu elektrona iz nagiba ove linije. Metoda je tac¢nija Sto su bolje odredeni relativni
intenziteti linija, Sto su bolje odredeni ili izracunati Einstein-ovi koeficijenti i §to je veéi raz-
mak izmedu energija gornjih nivoa koristenih prelaza.

Druga metoda odredivanja temperature elektrona predstavlja odnos intenziteta dve spek-
tralne linije istog elementa. Ukoliko je zadovoljen uslov LTR i ako su populacije nivoa date
Boltzmannovom raspodelom, onda je odnos intenziteta dat sa [73]:

Li AemgijAij e,Ez‘j;fkm

(74)

Metoda je tacnija Sto je energijska razlika izmedu ove dve linije ve¢a. Upravo iz tog razlo-
ga, jako Cesto se biraju linije koje predstavljaju isti prelaz za dva sukcesivna jonska stanja.
Jos jedan metod procene, koji najc¢esée daje vibracionu ili rotacionu temperaturu sa perife-
rije plazme jeste snimanje molekulskih traka u kasnijim vremenima plazme. Ukoliko postoji
LTR, sve tri merene temperature moraju da se slazu u razumnom opsegu greske. Tipi¢ne
elektronske temperature za laserski indukovane plazme zavise od uslova. Prose¢ne elektron-
ske temperature za laserski proizvedene plazme na atmosferskom pritisku su reda veli¢ine
od 8000 K do 12 000 K. Na snizenim pritiscima, u kontrolisanoj atmosferi sa pozadinskim
gasom, temperature gasa se kre¢u od 20 000 K pri malim vremenima kasnjenja 7; do par
hiljada kelvina za kasnija vremena kaSnjenja. Bitno je napomenuti da su navedene tempe-
rature zapravo aproksimacija temeperature elektrona ekscitacionom temperaturom, a prava
temperatura elektrona bi se dobila npr iz Thomson-ovog rasejanja.

2.3.3 Spektroskopija laserski indukovanog proboja (LIBS) kao analiti¢ka metoda

U poslednjih dvadesetak godina spektroskopija laserski indukovanog proboja se jako ¢esto
primenjuje kao analiticka metoda kao potencijala zamena za sloZenije i skuplje metode (npr
ICP - Masena spektroskopija). Koristi se kao kvalitativna ali i kao kvantitativna analiticka
metoda. Neke glavne prednosti LIBSa u odnosu na druge analiticke metode su [72]:

1. moguénost detektovanja svih elemenata prisutnih u uzorku
2. jednostavnost
3. Brza analiza kao i analiza u realnom vremenu

4. minimalna priprema uzorka
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5. in-situ analiza koja zahteva samo opticki pristup uzorku

Prilikom evaluacije LIBSa kao analiticke metode, obi¢no se procenjuju sledeé¢i analiticki pa-
rametri: granice detekcije, preciznost i ta¢nost, a u nekim sluc¢ajevima i selektivnost i osetlji-
vost [73]. Prilikom snimanja spektra laserski indukovanog proboja, odreduju se talasne duzine
analita i pripadajuci intenziteti. Primer LIBS spektra dat je na slici 6. Posle identifikacije
linija i izdvajanja linija pogodnih za kvantitativnu ili kvalitativnu analizu pristupa se istim
nekom od narednih metoda.

Prva metoda predstavlja tzv. univarijantnu metodu ili metodu kalibracione krive. U ovom
postupku, prvo se pristupa snimanju standardnih uzoraka i intenzitet jedne ili vise spektral-
nih linija se povezuje sa koncentracijom analita ukoliko je slucaj o kvantitativnoj analizi.
Ovo se ponavlja za svaki analit od interesa i prave se kalibracione krive koje kasnije sluze za
odredivanje koncentracije analita u ispitivanom uzorku. U idealnom sluc¢aju, ova kalibraciona
kriva ¢e ustvari biti prava linija koja prolazi kroz koordinatni pocetak [73].

Medutim, odstupanja od linearnog gra-
fika su moguca, a najc¢eséi uzorci mogu biti

Delay = 0.6 us a3 e e -
e =gew  samoapsorpcija spektralne linije ili netac¢no

200000 . a1 5. Ao odredivanje intenziteta linije. Samoapsorpci-
g 9 ;5_’,:[7 ®  eay-0sus A je NajéeSce najvise izrazena u oblasti viso-
5 % ST |- Gate=306n . ‘s . e .

150000 - . 55 13 |% ro -s0 — kih koncentracija analita, gde emisija iz unu-
& fid 3 Gain = 100

‘ trasnjih slojeva plazme biva apsorbovana u
spoljasnjim slojevima plazme, dajué¢i pone-
kad samo - obrnutu liniju kao rezultat. Efe-
kat je najizrazeniji za spektralne linije ¢iji
‘ AN Mg donji energetski nivo je zapravo osnovni nivo
ol LAWY VW ”V\Lwiﬁ« (U RY (rezonantni prelazi) ili je jako blizak osnov-
372 374 a6 378 380 382 384 nom nivou. Zbog svega ovoga, treba biti ja-

A (nm) ko pazljiv pri izboru analitickih linija ispiti-

vanog analita kako bi se dobila $to bolja i
tac¢nija kalibraciona kriva. Drugi metod jesu
multivarijantne metode gde se koriste hemo-
metrijske metode [73]. Hemometrijske meto-
de predstavljaju upotrebu statistickih mode-
la i algoritama u analitickoj hemiji u cilju
ubrzanja analize kompleksih uzoraka. Upo-
treba ovih metoda je koriStena za klastero-
vanje, redukciju dimenzionalnosti podataka
(jedan spektar LIBSa moze sadrzati hiljade kanala), analizu pravilnosti u podacima (eng.
pattern analysis) itd. Moguénost analiziranja vise varijabli u istom trenutku omoguéava ubr-
zavanje analiza 1 poboljSava kvalitet dobijenih rezultata [73]. Najcesée koris¢éene hemome-
trijske metode za kvantitativnu analizu jesu regresija analizom glavnih komponenti (eng.
Principal Component Regression (PCR)), parcijalni metod najmanjih kvadrata (eng. Partial
Least Squares (PLS)), metoda potpornih vektora (eng. Support Vector Machine (SVM)) itd.
Multivarijantne metode predstavljaju uvod u upotrebu alata masinskog ucenja i vestac-

ke inteligencije koja je danas jako zastupljena u kvantitativnoj i kvalitativnoj analizi LIBS

Fel, 375.823 Ej
=4.283 gA=2.2e8

Fe l,381.296 Ej

| (a.u.)
— Fel

100000

~Fe |, 372.762 Ej

~ Fel, 376.379Ej

50000

Nil, 377.353 Ei

Slika 6: Snimljeni LIBS spektar celika, gde je vre-
me kasnjenja 74 = 0.6 us a vreme ekspozicije ka-
mere u jednom slucaju iznosi 7y = 8 pus a u dru-
gom 14 = 30 ps. Ovako indentifikovane spektralne
linije analita se dalje koriste u analitickim kvanti-
tativnim 1 kvalitativnim metodama.
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spektara. Klju¢na ideja na kojoj se bazira primena alata masinskog ucenja i vestacke intelo-
gencije u LIBS-u je snimanje velikog broja standardnih uzoraka sa razli¢itim koncentracijama,
i obucavanje modela na tako dobijenoj bazi podataka. Jednom obuceni modeli mogu se upo-
trebljavati za brzu analizu nepoznatih uzoraka bez potrebe preracunavanja koncentracije za
svaki element posebno.

Mana ovog pristupa, jeste Sto je neophodno snimiti veliki broj spektara da bi se napravila
dovoljno kvalitetna baza za obucavanje modela. Posto i karakteristike instrumenta i sama
merenja mogu da variraju od dana do dana [73], tesko je i naporno praviti ovakve baze od
nule za svako merenje. Ove poteskoce predstavljale su motivaciju da se u ovom radu ispita
do koje mere se ve¢ snimljena baza moze iskoristiti za obucavanje modela koji ¢e kasnije biti
koriSten za ispitivanje nepoznatih uzoraka, a ¢iji je spektar snimljen sa slicnom aparaturom
u drugoj laboratoriji.

2.4 Visokotemperaturne plazme (fuzione plazme)

Visokotemperaturne plazme predstavljaju plazme u kojima temperature jona i elektrona
dostizu i do nekoliko keV. Na Zemlji, to su jedino fuzione plazme. Pre nego $to se dode
do plazmi na Zemlji, bi¢e dat kratak uvod u reakcije fuzije koje se odvijaju u zvezdama.
Kao glavni primer, bi¢e uzeto Sunce koje je nama najbliza zvezda i predstavlja osnovnu
pokretacku energiju svih bioloskih procesa na Zemlji. Fuzija predstavlja reakciju spajanja
dva laksa jezgra u teze jezgro, pri ¢emu se oslobada energija jednaka energiji veze i postize
stabilnija konfiguracija. Da bi se desila reakcija fuzije, reaktanti (najcesée su to pozitivni joni)
moraju da prevazidu Coulomb-ovu barijeru da bi nuklearne sile pocele da deluju. Ako uzmemo
za primer deuterijum i tricijum koji ¢e biti glavno gorivo u prvim fuzionim reaktorima, pri
¢emu je 7, = 3.7 x 1071 m tipican radius jezgra dobi¢emo vrednost potrebne energije:

Zl ZQ 62 62
dregry,  4ATEQTm

= 0.4 MeV (75)

Ovo nije toliko velika energija i ostvariva je u veéini modernih akceleratora. Medutim, kao
Sto je naglaseno u poglavlju 2.1.2 videli smo da presek za sudar opada sa ¢etvrtim stepenom
relativne brzine, stoga ukoliko se ispali snop visokoenergetskih ¢estica na metu, veéina cestica
iz snopa bi se samo elasti¢no rasejala bez da stupe u reakciju fuzije [76]. Druga moguénost
za pokretanje reakcije fuzije jeste zagrevanje gasne smeSe deuterijuma i tricijuma tako da
sada svaka Cestica mora da ima energiju od 0.25 MeV. To znac¢i da temperatura gasa mora
da bude £ = kT =T = % ~ 3 x 10° K. Dakle, potrebno je dosti¢i temperaturu
od nekoliko milijardi stepeni celzijusa. Ova temperatura ostvariva je u Suncu zbog njegove
ogromne mase, pa je plazma konfinirana gravitacionim poljem. Neke od razmatranih reakcija

fuzije na Zemlji su sledece [32]:

D+ T — *He (3.5 MeV) + n (14.1 MeV)
D+ D — T (1.01 MeV) + p (3.02 MeV) 50%
D+ D — *He (0.82 MeV) + n (2.45 MeV) 50%
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D + 3He — *He (3.6 MeV) + p (14.7 MeV)
p+ °Li — *He (1.7 MeV) + *He (2.3 MeV)
p+ "B — 3*He 4 8.7 MeV

Odluka da se fuzija pokusa ostvariti u reakcijama koje uklju¢uju deuterijum i tricijum (prva
reakcija) doneta je na osnovu izrac¢unatih preseka za reakciju prikazanih na slici 7. Vidi se
da D - T reakcija ima maksimum na najnizoj temperaturi i takode ima najvecu verovatnocéu
od svih reakcija. Mana ove reakcije jeste sto u svakoj reakciji nastaje neutron koji moze da
bude apsorbovan na povrsini zida reaktora. Apsorpcija neutrona negativno uti¢e na zivotni
vek komponenti zida reaktora jer apsorpcijom neutrona metali postaju kréi i radioaktivni
[32]. Zbog toga, za drugu generaciju reaktora ocekuje se da ¢e raditi sa drugim tipovima
reakcija koje ne ukljucuju neutrone. Ipak, mora se uzeti u obzir i nivo poteskoéa u njihovom
ostvarivanju.
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Slika 7: Presek za reakcije za razlicite razmatrane fuzione reakcije. Verovatnoca za D - T reakciju
dostize maksimum pri najniZoj temperaturi. Slika preuzeta iz [32]

Pod pretpostavkom da reaktor radi sa D - T meSavinom u odnosu 50 % - 50 % Lawson [32]
je izveo kriterijum za minimalnu temperaturu rada reaktora. Prvo se definiSe dobitak u snazi
iz fuzionih reakcija @) kao @) = P};”S“’" Kako bi fuzija bila komercijalno isplativa, minimalan
uslov je () > 1. Balans gubitaka i grejanja plazme daje [32]:

dw,

Ph:Paux"f’Pa_PBr:Brans"i_W

(76)

Pri ¢emu je P,,. grejanje plazme spoljasnjim metodama (ubrizgavanje neutralnih Cestica,
elektron - ciklotronsko grejanje itd.), P, je grejanje plazme kroz sudare sa « Cesticama, Pp,
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.. © © . .. T . dW,
su gubici usled zako¢nog zracenja, Py.qns su gubici usled razlicitih transportnih procesa a =3

predstavlja promenu termalne energije plazme.Dalje, Pypne 1 P, moZemo proceniti kao [32]:

2
E.
P = npng (o) ELV, — W (77)

1
Py, = CgT2n?V, (78)

Gde je pretpostavljeno da je np = ny = ne, a (ov) predstavlja srednji presek za sudar reakta-
nata, F, je energija a Cestice, V), je zapremina plazme, a W, = 3n.kT.V}, je termalna energija
plazme. Transportni gubici procenjuje se kroz parametar vremena konfiniranja energije 75
definisanim sa:

Wp
TE = T AW~ (79)
(Pn — )
Jednac¢ina (76) sada se moze napisati kao [32]:
+5 1 3n kT, d
2 EQQ — CTen? = =%+ —(3n.kT, 80
nio0) B = CaThn? = Mo 4 (o) (50)
U stacionarnom stanju, d/dt = 0, dobijamo da je [32]:
3kT,
N e Batars) } (81)
o — OBTé
Postavljanjem @) = 1, dobijamo Lawsonov kriterijum koji je dat sa:
3KT,
3(0”;)Ea o OBT62
Za T, = 15keV, pri éemu {ov) ~ T2, Lawsonov kriterijum postaje:
n,T,7p > 1.5x 10* keV - s - m ™3 (83)

Izraz (83) predstavlja uslov da fuzioni rektor proizvede istu koli¢inu energije koja je ulozena
u njegov rad, pod pretpostavkom da su najdominantniji gubici oni usled zako¢nog zracenja.
U ostalim sluc¢ajevima, ¢lanovi koji ura¢unavaju ostale gubitke mogu se pojaviti u imeniocu
jednacine (82) (npr. ciklotronska emisija) [32].

2.4.1 Nacini konfiniranja visokotemperaturne plazme

U prakti¢nim pokusajima ostvarivanja fuzije na Zemlji, trenutno se razmatraju i u upo-
trebi su dva nacina konfiniranja visokotemperaturne plazme. Jedan nacin konfiniranja je
magnetno konfiniranje plazme, gde se plazma konfinira tako Sto se konfiguracijom magnet-
nog polja oko plazme postizu zatvorene trajektorije Cestica i stabilne orbite. Drugi nacin
konfiniranja je inercijalno konfiniranje plazme, gde se upotrebom snaznih laserskih zraka po-
stize implozija peleta sa gorivom i konfiniranje plazme. Podaci koriséeni u ovoj tezi dobijeni
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Slika 8: Tokamak. Centralni solenoid indukuje struju kroz plazmu, koja potom konfinira plazmu
svojim magnentnim poljem. PoSto magnetno polje indukovano protokom struje kroz plazmu nije
dovoljno za stabilno konfiniranje plazme, dodatno se koriste toroidalni kalemovi kao i poloidalni
magnentni kalemovi za pozicioniranje plazme.

su u uredaju koji radi na principu magnetnog konfiniranja plazme, pa ¢e samo o ovom kon-
finiranju biti re¢i u nastavku teksta. Vise o inercijalnom konfiniranju moze se procitati u
predlozenoj literaturi [32,77].

Magnetno konfiniranje se moze realizovati pomoc¢u dva uredaja, tokamak i stelerator.
Tokamak predstavlja uredaj koji sustinski funkcioniSe kao transformator i prikazan je na slici
8. Oko centralnog solenoida, postavljen je torusni vakuumski sud u kojem se konfinira plazma.
Pustanjem struje kroz centralni solenoid, $to predstavlja primar transformatora, indukuje se
struja kroz plazmu koja predstavlja sekundar transformatora. Struja kroz plazmu stvara pin¢
efekat, koji konfinira plazmu. Medutim, ovo polje samo po sebi nije dovoljno da bi plazma
bila stabilno konfinirana, jer magnetno polje same struje kroz plazmu dovodi do razdvajanja
pozitivnih i negativnih naelektrisanja i pojave elektri¢nog polja koji potom uzrokuje E x B
drift jona i elektrona ka zidu reaktora. Da bi se to sprecilo, kao i da bi se vrsila korekcija
oblika i pozicije plazme u reaktoru koriste se toroidalni i poloidalni magneti. Zajednickim
delovanjem ovih magneta postiZe se spiralna trajektorija Cestice zatvorene unutar masine,
odnosno postize se konfiniranje ¢estica unutar uredaja [78|. Kao mera stabilnosti reaktora,
uvedena je veli¢ina koja se naziva faktor sigurnosti ¢, ¢ija nam vrednost govori koliko krugova
Cestica u plazmi napravi toroidalno dok se njena trajektorija ne zatvori poloidalno. Definisan
je kao [79]:

1 rB,

= = RyB,

Ovde ¢ predstavlja rotacioni transform (eng. rotational transform), veli¢inu koja se koristi

(84)
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ceSce u steleratorima, B, je toroidalno magnetno polje a By predstavlja poloidalno magnetno
polje. Rotacioni tranform zapravo daje meru uvrnutosti magnetnog polja u steleratoru kada
se prati toroidalno. Moze se re¢i da nam rotacioni transform ¢ daje broj poloidalnih rotacija po
jednoj toroidalnoj rotaciji. Primecuje se da rotacioni transform zavisi od radijalne koordinate,
i ta zavisnost tj. veli¢ina promene rotacionog transforma se zove magnetno smicanje (eng.
magnetic shear) [79]:

5= 144 (85)

qs dr
Veca vrednost magnetnog smicanja je bolja za stabilan rad steleratora i tokamaka. Naime,
ako imamo neke radijalne strukture ili nestabilnosti, posto se ¢estice plazme krec¢u duz li-
nija magnetnog polja, zbog postojanja smicanja postoji moguénost da se ova nestabilnost

"razmaze"u poloidalnom pravcu. Tada kazemo da je nestabilnost dekorelisana.
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Slika 9: Poloidalni poprecni presek tokamaka [80]. Na slici su prikazane zatvorene magnetne poursi
1 poslednja zatvorena linija magnetnog polja sa X - tackom koja se naziva separatriks. Takode su
oznaceni svi parametri koji ulaze u definiciju elongacije © trijanguliteta.

Eksperimentima je utvrdeno da je sa stanovisSta necisto¢a unetih u plazmu povoljnija
konfiguracija sa divertorom nego sa limiterom, pa zbog toga oblik plazme viSe nije kruzni
nego izduzen i u obliku latini¢nog slova D, kao na slici 9. Ovakvom konfiguracijom se postize
da otvorene linije magnetnog polja zavrsavaju na divertoru ¢ija je primarna uloga odvodenje
Cestica i viska toplote iz reaktora. Plazma se u divertorskoj konfiguraciji karakterise sa dva
parametra, a to su elongacija s i trijangulitet J. Elongacija x definisana je kao odnos visine
plazme i radiusa plazme a:

Zmax — “min o 2b

—— 86
2a 2a ( )

kR =
Dok je trijangulitet dat sa izrazom:

0 0,
5= uppe’r;_ lower (87)
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Pri ¢emu su dypper 1 djower gornji i donji triunglaritet, dati sa izrazima [79):

Ry — R(z2 = Zmax)

5uz)per = a (88)
Ry—R = Zmin
6lower - 0 (z - ) (89)

Linije magnetnog polja prolaze unutar ugnjezdenih povrsi magnetnog fluksa, a poslednja
zatvorena povrs se naziva separatriks (eng. separatriz). Konfiniranje plazme u tokamaku nije
lak zadatak, a eksperimentalno je utvrdeno da vreme konfinranja energije raste sa porastom
veli¢ine masine, tj. vazi da je 7 ~ r,, gde je 1, radius plazme unutar tokamaka (rastojanje od
centra vakuumske komore do zida reaktora) [78|. Takode, vreme konfiniranja energije raste
sa povecanjem struje kroz plazmu, a opada sa pritiskom plazme [78].

Slika 10: Klasicni stelerator | = 2. Oblici i pozicije spoljasnjih magneta su takve da su linije sila
magentnog polja zatvorene bez potrebe za propustanjem struje kroz plazmu.

Posto je sam protok struje kroz plazmu u tokamacima izvor raznih nestabilnosti plazme
i prepreka ka stabilnom radu reaktora, ispitivani su alternativni vidovi konfiniranja plazme
pomocu spoljasnjih magnetnih polja. Jedna od najuspesnijih alternativa do kojih su naué¢nici
uspeli da dodu jeste stelerator. Kod steleratora se zatvaranje linija magnetnog polja unu-
tar uredaja i stabilne orbite postizu uvrtanjem spoljasnjih magneta tako da prave Zeljeno
magnetno polje [77]. S tim u vezi, za konfiniranje plazme nije potrebna struja koja prolazi
kroz plazmu, ve¢ se konfiniranje vrsi iskljucivo spoljasnjim magnetnim poljem. Prednost ovog
dizajna jeste Sto se izbegavaju nestabilnosti koje nastaju unutar tokamaka, a ¢iji je uzrok
upravo prolazak struje kroz plazmu [77].

Stelerator se moze projektovati na tri nacina, a glavni cilj je postizanje helikalnog mag-
netnog polja ¢ije su linije sila zatvorene unutar torusa. Jedan nacin za postizanje helikalnog
magnetnog polja je prikazan na slici 10. Kroz helikalne kalemove oznacene svetlo plavom
bojom na slici propusta se struja u suprotnim pravcima, a na to polje se superponira jako
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toroidalno polje nastalo dejstvovanjem toroidalnih kalemova oznacenih tamno plavom bojom
na slici 10. Steleratori se karakterisu sa dva broja, koji se najc¢esé¢e oznacavaju sa [ i m. Broj
[ najcesée ukazuje na broj helikalnih kalemova. Za stelerator na slici 10 imamo 2 para od
po 4 kalema sa suprotnim strujama, Sto znaci da ima broj [ = 2. Kako se magnetne povrsi
periodi¢no ponavljaju u toroidalnom pravcu, broj tih toroidalnih segmenata oznacavamo sa
m.

[=3-Stellarator |=3-Heliotron/Torsatron

Slika 11: 1 = 3 stelerator (levo) i torsatron [79] (desno). Primetno je postojanje poloidalnih magneta
kod torsatrona kako bi se dobilo helikalno magnetno polje. Struje kod torsatrona idu u istom pravcu,
dok kod klasicnog steleratora struje susednih kalemova su antiparalelne.

Drugi nacin da se postigne slican efekat uvrtanja magnetnog polja i rezultujuce helikalno
magnetno polje jeste konstrukcija tzv. heliotrona ili torsatrona. Kod heliotrona, struja kroz
helikalne kalemove tece u istom pravcu, pa broj [ odgovara broju helikalnih kalemova. Kako
bi se postiglo helikalno magentno polje, pored helikalnih kalemova dodaju se i poloidalni
kalemovi koji prave vertikalno magnetno polje kako bi se dobilo Zeljeno rezutujuce magnetno
polje. Slika ovog uredaja prikazana je na slici 11 desno, a primer jednog ovakvog uredaja je
heliotron LHD (Large Helical Device) u Japanu koji je heliotron sa [ = 2 i m = 10.

Treci nacin za kreiranje helikalnog magnetnog polja jeste da se spoljasnji kalemovi pore-
daju tako da prave helikalnu magnetnu osu. Ovi uredaji se jos nazivaju helijaci. Taj dizajn
koristi stelerator TJ - II u Madridu. Optimizovani steleratori, kao $to je Wendelstein 7X u
Greisfaldu koristi unapredeni dizajn helijaka. Njegovih 50 neplanarnih i 20 planarnih mag-
neta su specijalno optimizovani i napravljeni kako bi uredaj postigao najbolje performanse
u smislu magnetohidrodinamicke (MHD) stabilnosti, gustine plazme i dobrog konfiniranja
visoko energetskih Cestica (« Cestica npr.). On je m = 5 stelerator.

Teorijski, pokazuje se da uvrtanje magnetnog polja prati uvrtanje magnetnih kalemova,
medutim ovo uvrtanje po periodu toroidalnog obilaska ima jako mali doprinos jer se skalira
kao [79]:

de 1
T@ X B_fo

Gde je B, toroidalno magnetno polje. Dakle, kako bi steleratori postigli jako uvrtanje mag-

(90)
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netnog polja (veliko ¢), oni moraju imati veliki broj perioda ili segmenata sa magnetima,
odnosno veliki odnos glavnog radiusa i radiusa plazme (aspect ratio). Veliko ¢ je povoljno za
stabilnost reaktora kao i za efikasnost reaktora. Sto se tice magnetnih povrsi u steleratoru,
one sustinski predstavljaju magnetne multipole, a na slici 12 prikazne su magnetne povrsi za
[ =1, 21 3 steleratore. Vidimo da je u slucaju [ = 2 poloidalni poprecni presek ima oblik

Slika 12: Izgled magnetnih pouvrsi za l = 1, 2 i 3 steleratore [79)].

elipse, dok je za | = 3 poloidalni presek u obliku trougla.

2.4.2 Interakcija plazme sa zidom reaktora

Interakcija plazme sa zidom fuzionog reaktora je vrlo vazan segment u istrazivanju sta-
bilnog rada reaktora, jer ukoliko Cestice necistoca sa zida udu u plazmu, ona gubi energiju
kroz zraCenje te postaje nestabilna i gasi se. Takode, Cestice necisto¢a mogu da izazovu i
disrupcije, gde dolazi do naglog hladenja ivice plazme [32]. Dva glavna problema do kojih
interakcija vruée plazme sa zidom moze dovesti je da se oSteti komponenta vakuumskog suda
prvog zida reaktora, te kontaminacija plazme i nemoguénost ostvarivanja fuzionih reakcija.
Izvor Cestica necistoc¢a jeste u raznim interakcijama plazme i materijala zida reaktora, pro-
cesima desorpcije kao i iz samih fuzionih reakcija (tzv. helijumski "pepeo"). Kako bi sprecili
desorpciju i otpustanje bulk materijala iz zida reaktora, rade se razli¢iti tretmani zida koji
ukljucuju ¢is¢enje zida tinjavim praznjenjem ili odgrevanjem zidova. Pored gore navedenih
procesa, na pojavu Cestica necistoc¢a u plazmi utic¢u jos i spaterovanje zida reaktora, hemijska
erozija, isparavanje i formiranje balon¢i¢a na povrsini zida (eng. blistering) [81].

2.4.2.1 Fizicko spaterovanje

Fizicko spaterovanje zida reaktora predstavlja proces transfera impulsa visokoenergetskog
jona na atom mete u zidu koji se time oslobada i odlazi u plazmu. Ovaj proces nastaje kada
je energija upadnog jona veca od energije veze F, atoma na povrsini mete. Za spaterovanje,
definiSe se tzv. prinos spaterovanja (eng. sputtering yield), koji predstavlja krucijalnu veli¢inu
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za ovaj proces [81]:

v _ broj emitovanih atoma mete

(91)

broj upadnih cestica
Kako bi opisali koliko cestica mete sa energijom E, E + dFE biva spaterovano u jedini¢ni
prostorni ugao df) uvodi se diferencijalni prinos spaterovanja definisan relacijom [81]:
A’y
dEdS2

(92)

Obi¢no se razlikuju tri rezima spaterovanja: (1) rezim nekoliko sudara, (2) kaskadni rezim i (3)
rezim termalnog pika (eng. thermal spike regime) [81]. Prvi rezim se javlja za lake projektile
i za male energije projektila. Tu razlikujemo dva procesa a to su uzmicanje atoma mete
prve i druge generacije, dok za manje energije dolazi i to rasejanja projektila unazad [81].
Sa povecanjem energije projektila i njihove mase, deSava se uzmicanje i emisija atoma mete
nekoliko generacija. Tako se pravi kaskadni proces u kome atomi koji se nalaze dublje u
meti mogu dobiti dovoljno energije da napuste metu, te ostaje krater na materijalu koji se
primecuje u eksperimentima [81]. Prinos spaterovanja moze se proceniti kao odnos upadne
energije projektila Eg., na sloj debljine d i energije veze na povrsini mete E; [81]:

Eq
y = ==£2 93
s (9
Deponovana energija Fq, se moze proceniti iz izraza [81]:
Edep == TL()Sn(Eo)d (94)

Gde je ny gustina atoma u meti, S, (Fy) predstavlja presek za zaustavljanje projektila koji
zavisi od upadne energije projektila Fy, a d je debljina posmatranog sloja mete. Ovi pre-
seci su dostupni u literaturi za razne vrste projektila. Bitno je reéi da u procesima fizickog
spaterovanja Cestice mete napustaju metu prvenstveno kao neutrali, dok jako mali deo bude
u obliku jona. Po pitanju koncentracija necistoca, za lake cestice to je nekoliko procenata
(npr. C i O) dok je za teske Cestice ta koncentracija reda veli¢ine nekoliko promila (npr. W i
Mo) [77].

2.4.2.2 Hemijsko spaterovanje

Hemijska erozija zida reaktora nastaje kada se u interakciji upadnog projektila i atoma
mete formiraju lako isparljivi molekuli koji napustaju metu i ulaze u plazmu. Ovaj proces je
jako vazan za materijale od ugljenika, jer u reakcijama izmedu upadnih atoma vodonika ili
kiseonika dolazi do emisije razli¢itih molekula ugljovodonika i oksida ugljenika [81]. ReSenje
za uklanjanje ugljenikovih oksida CO i COs jeste smanjenje koncentracije kiseonika u reak-
toru.

Sto se tice ugljovodonika, istrazivanja su pokazala da se grejanjem povrsine prvo isparava
CHj; molekul, a daljim poveéanjem temperature rekombinacija vodonika u molekul Hy po-
staje dominantan proces §to smanjuje ukupan prinos hemijskog isparavanja [81]. Jo§ jedan
mehanizam hemijske erozije predstavlja tzv. jonsko - indukovana desorpcija. Pri ovom proce-
su, upadni jon ima dovoljno energije da sa povrsine izbaci ugljovodonic¢ne radikale sa niskom
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energijom sublimacije putem raskidanja veze [81]. Hemijsko spaterovanje je jako tesko opisati
teorijski jer pored temperature povrsine mete, energije upadnih jona i upadnog fluksa, zavisi
i od strukturalnih osobina same mete ugljenika i hemijskog sastava mete. Npr. primeceno je
da se dodavanjem bora ili nekih metala (Ti) znac¢ajno menja i prinos necistoca [81]. Dalje,
primeceno je da ubacivanje plemenitih gasova u plazmu kako bi se povecalo zracenje plazme
u okolini divertora znacajno povecava hemijsko spaterovanje usled jako efikasnog raskidanja
veze C-H u materijalu.

Posto i dalje nedostaju simulacije koje bi dobro opisale ovaj tip spaterovanja (prvenstve-
no se rade simulacije molekularne dinamike) u drugim kodovima koji opisuju globalni prinos
necistoc¢a u plazmu uvek se podrazumeva konstatan prinos od hemijskog spaterovanja koji
iznosti negde oko 0.01 ili 0.02.

2.4.2.3 Termalno isparavanje

Porastom temperature povrSine mete, sve vise atoma ima energiju da napusti povrsinu
mete. Fluks ne¢isto¢a u plazmu moze se proceniti na slede¢i nacin [81]:

(Ts) atoms
VMT, m?s
Gde je p napon pare koji zavisi od temperature povrsine mete, dok je s tzv. sticking koe-

ficijent. Njegova vrednost za grafit je izmedu 0.6 i 0.9 [81]. Za grafit, gornji izraz se moze
napisati i kao [81]:

Loy = 52 x 10* (95)

C g *%
r CoupT9e FuTs (96)

sub —

Pri ¢emu je Oy = 2 x 1029K3# /s, g = 3.251 B, = 7.42 ¢V.
Ovi procesi su neizbezni na takozvanim vodeéim ivicama divertora, gde linije sila magnetnog
polja padaju normalno na divertorsku plocu.

2.4.2.4 Pojava balonci¢a (Blistering)

Pojava balonci¢a predstavlja proces do kojeg dolazi blizu povrsine mete zbog loSe ras-
tvorenih gasova. U eksperimentima prilikom bombardovanja mete sa atomima vodonika i
helijuma, dolazi do ove reakcije pri velikim energijama po jedini¢noj povrsini mete [81]. He-
lijum i vodonik se taloze unutar pora uzorka jer je to energetski povoljnije nego ugradnja
samog atoma u reSetku mete. Eksperimentima je pronadeno da je kriticna vrednost za for-
miranje balonci¢a helijuma u volframu reda 0.5 x 10*2He/m? pri demu je prose¢ni diametar
baloncic¢a oko 130 pm [81].

2.4.3 Problem akumulacije necistoéa sa velikim atomskim brojem Z

Ono $to je primeceno u eksperimentima na TEXTOR tokamaku od strane Tokar-a i
saradnika [82,83] i potvrdeno u mnogim kasnijim studijama jeste akumulacija necisto¢a u
jezgru plazme koje je pra¢eno masivnim zracenjem energije iz centra plazme i zaravnavanjem
profila elektronske temperature. Najcesée se ova nestabilnost objasnjava neoklasi¢nim trans-
portom [83].

Naime, kada necisto¢e putem nekog od gore navedenih procesa udu u plazmu, desSava se
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da usled sudara Cestica necistoca naelektrisanja Z sa pozadinskom plazmom imamo profil
gustine nedisto¢a koji ima izrazeniji maksimum (pik) od profila gustine glavnih jona u pla-
zmi. Posto neki atomi dospeju u jezgro plazme, ¢lan u neoklasi¢noj brzini proporcionalan sa
%—:: usmeren ka ivici plazme se smanjuje. Kao posledica toga, javlja se ukupni fluks Cestica
usmeren ka centru plazme koji dalje nagomilava ¢estice necisto¢a u plazmi i smanjuje tem-
peraturu plazme. Ova akumulacija se mozZe izbeéi tako Sto se npr. izbegavaju profili gustine
koji imaju izrazen centralni maksimum [81].

Eksperimentalno je uvideno da postoji odredena korelacija izmedu akumulacije necistoca
u jezgru plazme i gustine elektrona u plazmi. Ova korelacija je uocena i u tokamaku TE-
XTOR [82] i u heliotronu LHD. Naime, §to je gustina elektrona veca, Cestice necistoca se
duze zadrzavaju u plazmi i imaju dugacka vremena poluzivota (i do nekoliko sekundi) dok
za manje gustine vreme poluzivota necistoéa u plazmi se dosta smanjuje. Radijalni fluks

necistoca Z dat je sa izrazom [83]:
Lodr
i predstavlja sumu difuzionog i konvektivnog ¢lana. Konvekcija se opisuje neoklasi¢nom trans-

portnom teorijom, gde je brzina odredena gradijentima gustine i temperature pozadinskih
jona (najcesce deuterijuma) [83]:

I'z=-D +v¥n, (97)

dlnn, dInT;
nn 0 n ) (98)

g dr + dr
U gornjem izrazu D,,, je neoklasi¢ni koeficijent difuzije, a n; i T; su gustina i temperatura
jona u plazmi. Parametri n, 6 kao i koeficijent difuzije D,., odredeni su sa n;, T;, faktorom
sigurnosti ¢ i vredno$éu toroidalnog magnetnog polja B;. U konvencionalnim fuzionim ureda-
jima, ¢lan proporcionalan gradijentu gustine jona usmeren je ka centru plazme i odgovoran je
za pik u gustini necistoca, dok drugi ¢lan tezi da izbalansira ovaj transport [83|. Pad tempe-
rature u centru, iz bilo kog razloga, dakle smanjuje ¢lan koji sprecava konvektivni transport
ka centru plazme i kre¢e akumulacija necistoc¢a. Kako Cestice necistoc¢a udu u centar plazme,
zracenjem temperatura plazme u centru dalje opada, Sto dalje dovodi do smanjenja ¢lana
% i dalje akumulacije, pa se tako razvija nestabilnost plazme [83]. Tokar i saradnici su
takode dali predlog izraza za kriticnu vrednost gustine elektrona u jezgru plazme pri kojoj
dolazi do pojave akumulacije ne¢isto¢a u centru plazme [83]:

SDLHLT(O)
r2 DPSZ[TL[(O)L[

max neo

Z
v, = Dneo<

n(0)e = (99)

U gornjem izrazu, x, predstavlja koeficijent toplotne provodnosti plazme, D predsta-
vlja koeficijent neoklasi¢ne difuzije u Pfirsch - Schliiter reZimu (reZim male kolizionalnosti),
Zr=Yy, ZT% predstavlja srednje naelektrisanje necistoca u plazmi, n; predstavlja ukupnu gu-
stinu neéisto¢a u plazmi, L; je tzv. koeficijent brzine hladenja (eng. cooling rate coefficient)

necistoce u plazmi, a r,,,, je parametar dat sa izrazom [83]:

1
Tmaz = (100)
32D2 41
D»fILDé%ZIWTad a2
je a radiu Zm Wrad = u istemu jedinica.
Gde je a radius plazme, a wW;qq L?f;” cgs siste edinica
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2.5 Masinsko ucenje i vestacka inteligencija

Masinsko ucenje predstavlja skup metoda koje mogu da otkriju Sablone i relacije izmedu
ulaznih podataka u toku treninga, te da koristenjem nadenih relacija predvide nove vrednosti
za ulazne parametre koje model do tada nije video.

Veéina algoritama masinskog ucenja mogu se podeliti u dve grupe: regresioni modeli,
koji kao izlaz daju numericki rezultat i klasifikacione modele, koji kao izlaz najcesée daju
verovatno¢u da neki objekat pripada odredenoj klasi. Kako bi uspeli u ovome, oni moraju
da budu obuceni na nekoj bazi podataka koja sadrzi reprezentativne uzorke posmatranog
problema. Postoje generalno dva nacina treninga: nadgledano ucenje i nenadgledano ucenje.
Nadgledano ucenje je najceséi oblik upotrebe, a pod njim se podrazumeva da model nauci
funkciju preslikavanja sa ulaznih podataka x ili atributa, koji su u odredenom trenutku bili
obelezeni ili obradeni od strane ¢oveka na izlazne podatke y ili ciljne varijable tako Sto se
obucava na parovima ulazno - izlaznih podataka D = {(x,y)}¥, [84]. Kako bi procenili
veli¢inu odstupanja predikcije modela od ta¢ne vrednosti ciljne varijable uvodi se funkcija
greske L(y, f(x)). Za svaki model moze se definisati njegova funkcija greske, pa samim tim nije
jedinstvena. Pod obelezavanjem podataka se misli npr. da u svrhu klasifikacije ¢esto covek
mora da oznaci tacnu klasu svakog objekta, kako bi modeli bili u moguénosti da kasnije
predvide klasu za objekte koji nisu oznaceni. Isti je slucaj i u regresionoj analizi, gde model
treba da predvidi neku numeri¢ku vrednost na osnovu ulaznih podataka. Ovde Cesto ¢ovek
obraduje sirove podatke dobijene na neki na¢in (merene u nekom eksperimentu, podaci sa
interneta itd.) te tako prilagodava podatke kako bi ih model $to bolje naucio i imao bolji
performans. Sa druge strane, u slu¢aju nenadgledanog uc¢enja, ¢ovek nema nikakvog kontakta
sa sirovim podacima koji sluze kao ulazni podaci za model. Ovi algoritmi najcesée sluze kao
modeli za klasterovanje, tj. grupaciju slicnih tacaka jednih drugima. Na ovaj nacin mogu
se detektovati pravilnosti u podacima i eventualno naé¢i odudarajué¢i podaci koji bi inace
pokvarili performans modela ako bi bili ostavljeni u bazi za trening.

Duboko uc¢enje sa druge strane predstavlja upotrebu neuronskih mreza kako bi one uspele
da donesu dobre zakljucke bez intervencija coveka. Termin duboko ucenje potice od toga da se
vrlo ¢esto koriste neuronske mreze sa vise od jednog sloja. Neuronske mreze mogu se obucavati
kako za zadatke regresije, tako i za zadatke klasifikacije. Razne su podele neuronskih mreza,
npr. prema nacinu obu¢avanja, prema arhitekturi, prema nac¢inu prostiranja informacija kroz
mrezu itd. Kako su u ovom radu koristeni samo regresioni modeli, kao i generativni modeli,
u nastavku ¢e reci biti samo o njima, a o klasifikacionim algoritmima ¢italac se upucuje na
odgovarajucu literaturu [85]. Takode, nece biti re¢i o prostim linarnim modelima masinskog
ucenja jer nisu koristeni u ovom radu. Bi¢e obradeni samo nelinearni modeli masinskog uc¢enja
i to ansambli, kao i neuronske mreze i generativni modeli.

2.5.1 Ansamblerski nelinearni modeli

Ansambli predstavljaju skup viSe modela koji zajednicki donose neku odluku. Klju¢na
pretpostavka kod ovih modela jeste ta, da ukoliko imamo veéi skup modela, oni mogu dati
mnogo vecéu preciznost u odnosu na jedan model, ukoliko su pravilno konstruisani [84]. Ova
pretpostavka zasniva se na ¢injenici da ¢emo usrednjavanjem pojedinacnih predikcija N ne-
zavisnih modela dobiti vrednost koja je jako bliska pravoj, jer ¢e se nezavisne slucajne greske
koje ovi modeli prave u mnogome ponistiti.
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2.5.1.1 Prosta agregacija (Bootstrap aggregation ili Bagging)

Prosta agregacija je postupak u kome se obucava veéi broj modela ¢ije predikcije moraju
nuzno da budu precizne, ali je bitno da su im greske nezavisne [84]. U slu¢aju regresije, modeli
daju svoju vrednost koja se kasnije usrednjava kako bi se dobila kona¢na vrednost predikcije.
U slucaju klasifikacije, vrsi se glasanje. U slucaju regresije, koji je od interesa u ovoj tezi,
ukoliko modele posmatramo kao m slu¢ajnih nezavisnih promenljivih X, Xs, ..., X,, od kojih
svi imaju istu raspodelu opisanu sa srednjom vrednosséu g i varijansom o, onda na osnovu
centralne granicne teoreme vazi [84]:

m(%ix —u) — N(0,0?) (101)

Dakle, vazi da model ima o¢ekivanu vrednost p i varijansu o/m. Ukoliko je u tacna vrednost
koju model treba da proceni, onda modeli proste agregacije nude smanjenje varijanse bez
povecanja sistemskog odsupanja [84]. Jedan od najrasprostranjenijih ansambl modela jeste
slucajna $uma, klasa CART (Classification and Regression Trees) algoritama.

2.5.1.2 CART (Classification and Regression Trees) algoritmi

CART algoritmi predstavljaju grupu algoritama koji se koriste za klasifikaciju i regresiju.
Osnovni model, nad kojim se kasnije gradi ansambl, predstavlja stablo odlucivanja ili drvo
odlucivangja. Jedno drvo odlucivanja predstavljeno je na slici 13.

X, <t

Slika 13: stablo odlucivanja. Svaki cvor predstavlja uslov tipa if ... then, dok se u listovima nalaze
vrednosti nakon obrade uslova u ¢voru.

Svako drvo odluc¢ivanja pocinje od glavnog ¢vora ili korena stabla koji sadrzi jedan test
vrednosti odabranog atributa. Test moze imati vise rezultata, a svaki od rezultata ¢ini granu
koja vodi do slede¢eg ¢vora u kome se nalazi novi test. Listovi predstavljaju predvidanje sta-
bla za ulazni set vrednosti atributa. Na slici, vidimo da ako je ispunjen uslov glavnog ¢vora
da je X; < t; tada granom dolazimo do drugog ¢vora u kome testiramo vrednost drugog
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atributa X5. Ukoliko je uslov ispunjen dolazimo do lista u kome je predvidena vrednost Rj.
Ovaj pristup dalje vazi za svaki od krajnjih listova sa predvidanjima modela.

Postavlja se pitanje, kako odabrati najbolji atribut koji ¢e biti u glavnom ¢voru stablu odlu-
¢ivanja? NajlakSe je ovaj postupak opisati za slucaj problema klasifikacije, a lako se prenosi
i na problem regresije. Atribut koji se nalazi u glavnom ¢voru mora biti takav da $to bolje
razdvaja ulazne podatke na podgrupe sa $to homogenijim uzorkom u njima [84]. Kako bi ovo
bilo moguce, definiSe se stepen Cistoce izevedene podgrupe nakon razdvajanja. Postoje dva
testa: entropja i Gini-jev indeks. I entropija i Gini-jev indeks u osnovi poc¢ivaju na udelu u
kome ucestvuju instance razli¢itih klasa. Entropija se za C' klasa definise kao:

H(p,...,pc) sz log p; (102)

Gde je p; udeo klase ¢ u podgrupi. Gornji izraz je jednak nuli kada je udio instance neke klase
u podgrupi p; = 1. To znaci da je ta podgrupa homogena i entropija je jednaka nuli. Dakle,
entropija po sebi, shodno i definiciji u fizici predstavlja meru nehomogenosti podgrupe nakon
razdvajanja te je cilj da bude $to niza. Gini-jev indeks, sa druge strane, se definiSe kao:

C

Vidi se da Gini-jev indeks ima vrednost nula kada podgrupa nakon podele ima samo instance
jedne klase. Na osnovu nekog od ova dva kriterijuma, racuna se smanjenje nehomogenosti
podgrupe u odnosu na polazu grupu [84]:

|Di
Z ‘D‘ (104)

Ovde skup D; predstavlja skup svih instanci gde je vrednost atributa A jednaka i. Ideja jeste
da se izra¢una razlika nehomogenosti polaznog skupa i proseéne nehomogenosti svih njegovih
podskupova dobijenih particionisanjem po vrednostima datog atributa.

Nakon odredivanja polaznog glavnog ¢vora, ostaje joS da se odredi i kriterijum zausta-
vljanja u stablu odluke, tj. potrebno je odrediti kolika ¢e biti dubina stabla ili koliki moze
biti minimalan broj uzoraka prisutnih u svakom listu. Dubina stabla direktno moze uticati
na preprilagodavanje i podprilagodavanje modela podacima. Naime, duboka stabla teze da
se preprilagode podacima na kojima se obucavaju i da zbog primene velikog broja testova
uhvate i neke nebitne specificnosti u podacima, dok su plitka stabla obi¢no sklona podprila-
godavanju podataka na kojima se obucavaju [84]. Sto se tice broja instanci u listu modela,
obi¢no je za slucaj regresije bolje imati nesto vise uzoraka radi efekta usrednjavanja, kako
model ne bi uradio preprilagodavanje podacima ako imamo samo jednu vrednost u listu.

Generalno, model stabla odlu¢ivanja se ne smatra preciznim modelom. Pored gore opisa-
nih problema preprilagodavanja i podprilagodavanja, razlog za to je i visoka varijansa modela
koja je delom direktna posledica prirode obucavanja [84]. Sa druge strane, dobre osobine ovog
modela jesu njegova interpretabilnost, moguénost kombinovanja razli¢itih vrsta atributa (nu-
merickih i kategorickih) i jako velika efikasnost u vremenu predvidanja.
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2.5.1.3 Sluc¢ajna Suma

Jedan od nac¢ina na koji se moze smanjiti varijansa osnovnog modela jeste usrednjava-
nje vrednosti predvidanja vise modela. To se jednostavno postize obucavanjem M stabala
odlucivanja na razli¢itim podskupovima osnovne baze za obucavanje, Sto za konacan rezultat

predikcije daje [86]:
M
1
f(x) = Z Mfm(x) (105)
m=1

Gde je f.(x) predikcija m-tog stabla odlucivanja za skup ulaznih atributa x. Iako se koriste
nasumicni podskupovi podataka, algoritam obucavanja je isti i onda kao rezultat mozemo
dobiti visoko korelisane prediktore, §to u konacnici daje ograni¢eno smanjenje varijanse [86.
Kako bi se ovo sprecilo, Breiman [87] je u svom radu predlozio model slu¢ajnih Suma koje ovajj
problem prevazilaze tako sto je stabla odluc¢ivanja obucavaju na razli¢itim ulaznim atributima
i na nasumicno izabranim podskupovima ulaznih podataka. Ova kombinacija ¢ini slucajne
sume jako dobrim modelom masSinskog ucenja sa visokom tacnos¢u, pri ¢emu je i relativno
lak za obucavanje. Mana modela jeste nedostatak interpretabilnost, $to nadomesc¢uje brzinom
predvidanja i lako¢om obucavanja. Parametri koji mogu da se menjaju za vreme obucavanja
model jesu broj stabala m i veli¢ina podskupova instanci i atributa [84].

2.5.2 Neuronske mreze

Neuronske mreze predstavljaju klasu metoda vestacke inteligencije koje imaju jako Siro-
ku upotrebu. Najcesée se ovi algoritmi koriste za konstrukciju modela koji se treniraju na
jako velikim bazama podataka i mogu biti jako robusni modeli. Neke od njihovih primena
su kompjutersko prepoznavanje objekata, autonomna voznja, medicinska dijagnostika, ob-
rada teksta itd. [84]. Generalno, neuronske mreze mogu se podeliti na potpuno povezane
neuronske mreze, konvolucione neuronske mreze, rekurentne neuronske mreze i grafovske ne-
uronske mreze. Bitno je naglasiti da za trening neuronske mreze mora biti dostupan veliki
broj sirovih podataka. Ukoliko je uzorak mali, obucavanje neuronske mreze vrlo lako vodi
preprilagodvanju. Medutim, glavna prednost neuronskih mreza jeste da imaju moguénost da
konstruisu nove atribute prilikom obu¢avanja na sirovim podacima [84]. Ovde ¢e kratko biti
opisane potpuno povezane neuronske mreze i konvolutivne neuronske mreze jer su samo one
i koriStene prilikom izrade ove doktorske disertacije.

2.5.2.1 Potpuno povezane neuronske mreze

Osnovna gradivna jedinica potpuno povezane neuronske mreze jeste neuron. Tipi¢no, ove
neuronske mreze sastoje se od ulaznog sloja, skrivenog sloja i izlaznog sloja. Skrivenih slojeva
moze biti jedan ili viSe, ¢ime se razlikuju plitke i duboke neuronske mreze. Tipi¢na plitka
neuronska mreza prikazana je na slici 14. Vidimo da ima ulazni sloj sa 8 neurona, skriveni
sloj sa 12 neurona i izlazni sloj sa 3 neurona ¢ija numericka vrednost predstavlja ujedno i
rezultat predikcije neuronske mreze. Obi¢no, vrednosti koje uzimaju neuroni u skrivenom
sloju date su slede¢om jednac¢inom [88]:

N
20 = F(Q_wiiz; +wip) (106)
j=1
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Funkcija f u gornjem slucaju naziva se aktivaciona funkcija i sluzi da unese nelinearnost
u model. Koeficijenti u linearnoj kombinaciji w](-}@) predstavljaju tezinske vrednosti svakog

\

\

D
e

- H-.
-

ulaznog neurona (eng. weights) a wj(-g) predstavljaju slobodne ¢lanove (eng. bias).
= O =
= O :4 ? 1
s e - oW
= (J >€ .
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Slika 14: Prosta potpuno povezana neuronska mrezZa sa 3 sloja (ulazni, skriveni i izlazni)

1
Si id S(z) =
igmoi (z) T
T _ T
Tanh tanhm = et +e 7T
ReLU RELU(x)= |07 *<0
xif x>=0

Slika 15: Aktivacione funkcije koje se najcéesée koriste prilikom obucavanja neuronske mreZe

Najcesce aktivacione funkcije koje se koriste u praksi jesu sigmoidna funkcija, hiperbolicki
tangens, ispravljacka linearna jedinica (ReLU - Rectified Linear Unit). One imaju oblik:

1
o(z) = 1+e"
e?r — 1
tanh(z) =
anh(z) e2r 4+ 1

relu(r) = max(0, x)
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Ove funkcije prikazane su na slici 15. Arhitektura potpuno povezanih neuronskih mreza
jedna je od najcesée koristenih u vestackoj inteligenciji. Obucavanje neuronske mreze ovakve
arhitekture tipicno ide u dva koraka. Prvi korak predstavlja propagaciju unapred, gde se
prema jednacini (107) od datih ulaznih vrednosti rac¢una aktivacija za svaki skriveni i izlazni
neuron. Drugi korak predstavlja propagacija unazad, gde modelu saopstavamo gresku te opet
postavljamo tezinske faktore i slobodne ¢lanove na nove vrednosti i ponovo se kreée unapred.
Sto se tice propagacije unazad, u opstem slucaju svaki neuron racuna otezinjenu sumu svih

svojih ulaza [88]:
a; = Zwﬂzi (107)

Na ovu vrednost se onda primenjuje aktivaciona funkcija. Pretpostavimo da gresku predvida-
nja mozemo opisati metrikom FE,. Polazna tacka propagacije unazad jeste evaluacija izvoda
E,, po tezinskim faktorima w;;. Posto E, zavisi od teZinskih faktora preko aktivacija a; onda
se moze primeniti lan¢ano pravilo i dobiti [88]:

aEn . 8En aa,j

= 108
awji 8aj 8wji ( )
Ukoliko se uvede notacija %g’f = 9, 1 koriste¢i ¢injenicu da je gﬁj = z;, dobi¢emo [88]:
OFE
=0,z 109
awji JZ ( )

Slika 16: Ilustracija propagacije unapred i unazad. Plava strelica ilustruje protok informacija napred,
dok crvene strelice objasnjavaju proceduru propagacije unazad. Promene tezinskih faktora i slobodnih
¢lanova jednog sloja dolaze racunom greske 6 za sloj ispred. Slika je preuzeta iz [88].

Dakle, trazeni izvod dobija se tako Sto se pomnoze vrednost ¢ za neuron na izlaznom
kraju sa vrednoséu z koja se nalazi na ulazu u neuron [88|. Kako bi izra¢unali greske za
skrivene slojeve, takode koristimo lan¢ano pravilo, te imamo [88]:

_OE, <~ O0E,

a da; - day, da, (110)
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Suma ide po k neurona koji Salju impulse j-tom neuronu. Propagacija unazad prikazana je
na slici 16. Vidi se da se greska j tog neurona koji Salje impulse ka k£ neurona, dobija tako
Sto se evaluiraju greske k-tog sloja koji je ispred j-tog sloja. Znaju¢i da se na aktivaciju
a; primenjuje aktivaciona funkcija h(-) kako bi dobili kona¢nu vrednost jtog neurona, tj.
z; = h(a;). Onda izraz (110) mozemo pisati kao:

8En 86Lk /
0j = g day Da; Z(s’f WkJZJ 25k Wkﬂ (a;)) = 1 (a; Zékwki (111)

Gornji rezultat daje kona¢nu formulu za evaluaciju algoritma propagacije unazad. Dakle,
propagacija unazad se sastoji iz Cetiri koraka. Prvi korak jeste propagacija unapred gde
nalazimo sve tezinske faktore, slobodne ¢lanove i aktivacije koje povezuju ulazni vektor x sa
izlaznim slojem t. Potom se nalaze greske izlaznog sloja [88]:

Gde je yi vrednost ciljne promenljive a ¢, predstavlja vrednost koju je predvideo model.
Onda se koristenjem jednacine (111) nalaze greske za svaki skriveni sloj j, i na kraju pomocu
jednacine (109) izra¢unaju potrebni izvodi te se zavrSava propagacija unazad i ponovo krece
propagacija unapred.

2.5.2.2 Konvolucione neuronske mreze

Konvolucione neuronske mreze predstavljaju tip neuronskih mreza koje se najintenzivnije
koriste prilikom obrade slika, zvuka ili teksta [84]. Prednost konvolucionih neuronskih mreza
jeste Sto imaju moguénost da iz sirovih podataka koji su im dati konstruisu nove atribute na
kojima zasnivaju predikcije. Ovo im omoguéava ¢injenica da umesto da uce tezinske faktore
i slobodne ¢lanove, one uce filtere. Naime, filter ne predstavlja nista drugo nego matricu koja
je u mogucnosti da detektuje odredenu osobinu ili svojstvo u signalu. Npr. to moze biti filter
za detekciju ivica na slici ili filter za detekciju karakteristi¢nih oblika u nekom vremenski
zavisnom signalu. Oblici ovih filtera su danas dorbo poznati jer je veliki broj njih razvijen
kroz godine prakse u obradi slika, ali prednost konvolucionih neuronskih mreza jeste Sto se
ovi filteri sami otkrivaju, te nema potrebe da ih korisnik unapred definise. Ovime one za-
pravo same izdvajaju bitne karakteristike iz signala kroz filtere koje uce, te kroz tu osobinu
daju optimalne rezultate. Zbog na¢ina na koji funkcionisu, za njihovo obucavanje potrebna
je dobra optimizacija i veliki broj podataka za obucavanje [84].

Sama arhitektura konvolucionih neuronskih mreza gotovo uvek podrazumeva duboke ne-
uronske mreze jer je potrebno nauciti sto viSe sitnih detalja u ulaznom signalu kako bi se
dobili $to bolji rezultati. To obi¢no podrazumeva smenjivanje dva tipa slojeva, konvolucio-
nih i agregacionih (eng. pooling) [84]. Izlazi iz konvolucionih slojeva se transformisu pomocu
nelinearnih aktivacionih funkcija, a na kraj poslednjeg konvolucionog ili agregacionog sloja
se nadovezuje potpuno povezani sloj, koji se obucava na atributima koje je konvolucioni sloj
konstruisao. Primer proizvoljno kreirane konvolucione neuronske mreze prikazan je na slici
17.

Matematicki, operaciju konvolucije mozemo zapisati kao [84]:

p—1 g—1

(f*9)i= Z Z ficki—19k, (113)

k=0 =0
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Slika 17: Arhitektura VGG16 konvolucione mreZe. Sa slike se vide naizmenicni konvolucioni i agre-
gacioni slojevi, kao i tri potpuno povezana sloja na kragu. Slika je preuzeta kao javno dostupna, jer je
VGG16 javno dostupna pretrenirana mrezZa ¢ija se arhitektura moze koristiti za razlicit niz problema.

Matrica f predstavlja ulaznu matricu ili signal, a matrica g predstavlja filter koji neuronska
mreza u¢i i koji izdvaja neku korisnu osobinu signala. Primer funkcionisanja konvolucione
neuronske mreze prikazan je na slici 18.
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Slika 18: Princip funkcionisanja konvolucione neuronske mreZe. Preko ulazne matrice prelazi tzv.
filter i kao rezultat nastaje konvoluirani signal sa desne strane. Korak za koji se filter pomera udesno
je parametar koji se zadaje neuronskoj mrezi. Slika preuzeta iz [84]

Dakle, sa slike se vidi da imamo ulaznu matricu koja predstavlja npr. sliku, gde su vred-
nosti u poljima intenzitet piksela, a matrica K predstavlja filter koji se primenjuje radi
ekstrakcije nekog atributa sa slike. Rezultujuc¢a matrica I * K ne mora nuzno da ima istu
dimenziju kao ulazna matrica I $to nekad nije povoljno, pa se radi prosirivanje ili padding.
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Ovo znaci da se ulazna matrica prosiri za isti broj mesta sa leve i desne strane, kako bi se
dimenzije ulaza i izlaza poklopile. Prosirivanje moze da se radi sa nulama sa obe strane ili sa
vrednostima kolone koja je na levom odnosno desnom kraju.

Agregacija predstavlja ukrupnjivanje informacija koje se dobijaju iz konvolucionog slo-
ja, tako $to se primenjuje neka jednostavna funkcija agregacije na susjedne jedinice [84]. Ta
funkcija moze biti prosti maksimum ili srednja vrednost obuhvacenih jedinica. Ako se agre-
gacija vrsi na 3x3 piksela iz prethodnog sloja, onda je izlaz iz agregacionog sloja 9 puta
manje dimenzije nego ulazni sloj. Sustinski, agregacijom konvolucionog sloja zanemarujemo
informacije gde je ta¢no nadena neka osobina na slici ili u signalu, ali ih ne gubimo, tj. osta-
je informacija da je ta osobina nadena. Glavna uloga koju agregacija ima jeste da smanji
broj ulaza u potpuno povezani sloj, ¢ime se u mnogome smanjuje ra¢unarsko vreme koje je
potrebno za obucavanje mreze i olaksava njenu optimizaciju.

2.5.3 Autoenkoderi

Autoenkoderi predstavljaju neuronske mreze koje uce da na izlazu rekonstruisu ono sto
je dobijeno kao ulaz. Tipi¢na arhitektura autoenkodera prikazana je na slici 19.
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Slika 19: Tipicna arhitektura autoenkodera. Sastoji se od dve nezavisne neuronske mreze, enkodera 1
dekodera, koji su razdvojeni latentnim prostorom [84]

Vidimo da je autoenkoder sastavljen zapravo od dve neuronske mreze, enkodera i deko-
dera. Enkoder ima zadatak da ulazne podatke preslika u prostor manje dimenzionalnosti koji
se naziva latentni prostor. Sa druge strane, dekoder ima zadatak da napravi preslikavanje iz
latentnog prostora na ulazne varijable.

Latentni prostor je manje dimenzionalnosti u odnosu na ulazne podatke i tipi¢no su po-
daci koji su bliski u prostoru atributa, bliski i u latentnom prostoru [84]. To znaci da se
interpolacijom izmedu tacaka u latentnom prostoru mogu dobiti novi podaci. Pozeljan je
latentni prostor u kome su latentne varijable gusto spakovane i gde su prelazi izmedu delova
latentnog prosotra glatki. Za proste autoenkodere ¢esto nije zadovoljen jedan od gornja dva
kriterijuma. Naime, ¢esto se deSava da tacke koje su bliske jedna drugoj u latentnom prostoru
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nisu bliske u prosotru atributa, ili da je latentni prostor takvog oblika da ne postoji glatki
prelaz izmedu njegovih delova. Pored ovoga, obi¢an autoenkoder se ne moze koristiti u svrhu
generisanja novih podataka koji do tada nisu postojali, ve¢ se isklju¢ivo mogu generisati samo
podaci koje je model video na ulazu. Kako bi se unapredile ove mane obi¢nog autoenkodera,
razvijen je model varijacionog autoenkodera, koji predstavlja model vestacke inteligencije sa
Bayesovim zakljuc¢ivanjem.

2.5.4 Varijacioni autoenkoder

Kako bi se pravilno shvatio varijacioni autoenkoder, podesno je poc¢i od Bayesove teoreme
koja glasi [88]:
P(z|z)P(z)
P(x)

U gornjoj jednacini P(z|z) predstavlja novu uslovnu verovatnoéu da ¢e hipoteza z biti zado-
voljena ako je dostupna informacija x, i u Bayesovoj statistici naziva se aposteriori raspodela.
Potom, P(z|z) predstavlja verovatnoc¢u da se desi dogadaj x pri ¢emu se desio dogadaj z i
naziva se verodostojnost. P(z) predstavlja prethodnu raspodelu (eng. prior distribution), od-
nosno verovatnoéu opazanja dogadaja z pre nego sto se desio dogadaj x, a P(x) predstavlja
tzv. grani¢nu verodostojnost i ista je za svako z. Stoga, u izracunavanju P(z|z) ulogu igraju
samo prethodna raspodela P(z) i verodostojnosti P(z|z).

Posto je prostor pretrage latentnog prostora jako veliki, aposteriori raspodela P(z|z)
nikad nije unapred poznata, stoga se pribegava varijacionoj aproksimaciji, tj. zahtevu da
P(z|z) ~ Q(z|x), pri ¢emu mora biti zadovoljeno da Q(z|z) pripada klasi jednostavnijih ras-
podela od P(z|z).

Arhitektura varijacionog autoenkodera prikazana je na slici 20.
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Slika 20: Arhitektura varijacionog autoenkodera. Enkoder ima zadatak da nauci aposteriori raspodelu
Po(z]x), dok dekoder uci zajednicku raspodelu po(x, z) = p(z|2)p(z).

Enkoder varijacionog autoenkodera ima zadatak da nauci raspodelu p,(z|z). Kako je pret-
hodno napomenuto, posto je ova raspodela uglavnom nepoznata, njen oblik se pretpostavlja,

45



tj. pokusava se dobiti da je raspodela p,(z|x) ~ ¢,(2|z), gde je g,(z|x) poznata raspode-
la. Tipi¢no, za varijacioni autoenkoder pretpostavlja se da prethodna raspodela latentnih
varijabli prati normalnu raspodelu p(z) = N(0,1), a potom se obucavanjem mreze postize
rezultat takav da je q,(z|x) = N(u,0). Funkcija greske kod varijacionog autoenkodera se
sastoji iz dva Clana. Prvi ¢lan daje meru odstupanja generisanog izlaza od datog ulaza i ¢esto
se naziva greska rekonstrukcije. Drugi ¢lan meri odstupanje g, (z|x) od p(z) i kod varijacionog
enkodera se najcesée meri pomocéu Kullback - Leibler divergencije. Ovaj ¢lan se jo§ naziva i
regularizacioni ¢lan jer se pomoc¢u njega vrsi regularizacija latentnog prostora sa ciljem da
se slicne varijable nadu sto blize u latentnom prostoru. Zbirno, funkcija gubitka varijacionog
autoenkodera se naziva ELBO (eng. Evidence Lower Bound) i matematicki se predstavlja

kao:
ELBO = E,, | log [Zg;i” +E,, |log [q“;(é’f)ﬂ (115)

Greska rekonstrukcije je obic¢no ili srednje kvadratno odstupanje ili srednje apsolutno odstu-
panje, dok KL divergencija za pretpostavljenu normalnu raspodelu ima oblik:

Dics a,(el)lp(=)) = —5 (1 +1og(0? — * ~ o?) (116)

U intuitivnom smislu, vise se ne enkodira prost broj kao $to je to sluc¢aj kod obi¢nih au-
toenkodera, veé¢ se enkodira raspodela. Kako bi bila moguéa propagacija unazad, radi se
reparametrizacija [89] i to:

z=p+oR®e (117)

Gde je € generisani slu¢ajni broj iz jedini¢ne uniformne raspodele. Drugim re¢ima, ocekiva-
na vrednost p predstavlja enkodiranu sliku sa ulaza, dok o ® ¢ predstavlja varijaciju toga
originalni podatak moze biti perturbovan, a da joS uvek postoji dobro prepoznavanje na
ulazu [85].

2.5.5 Prevencija preprilagodavanja modela vestacke inteligencije

Problem preprilagodavanja modela trening podacima, pomenut nekoliko puta do sada u
tezi, dovodi do loSe generalizacije na nove podatke i tipi¢no na test bazi podataka ima jako
lose performanse. Postoje razli¢ite metode kojima se sprecava preprilagodavanje. Ovde ¢e biti
reCi samo o dve koje se najcesce koriste, a to su regularizacija i rano zaustavljanje obucavanja.

2.5.5.1 Regularizacija

Regularizacija kod modela maSinskog uc¢enja predstavlja tehniku gde se na izabranu funk-
ciju gubitka dodaje tzv. regularizacioni ¢lan ¢iji zadatak jeste da oteza preprilagodavanje mo-
dela i predstavlja kontratezu. Kako bi regularizacija bila iskontrolisana, dodaje se i koeficijent
A ispred, kako se ne bi u potpunosti sprecilo prilagodavanje modela podacima, sto takode
nije cilj. Koeficijent \ dakle kontrolise koliko paznje se usmerava na minimizaciju greske, a
koliko na regularizacioni ¢lan [84]. Matematicki, regularizaciju primenjujemo kao [84]:

N
min D K o)+ A0() (113
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Tipicno, regularizacioni ¢lan je [, norma vektora koeficijenata, pa se dobija sledeéi izraz:

N
min < 3™ Ly, fulw)) + A [l I3 (119)
=1
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Slika 21: Pretpostavljeni model kojeg dobro opisuje kvardatna regresija. Na slici je prikazan slucaj
potprilagodavanja modela (levo), dobar model (sredina) kao i model koji se preprilagodio podacima

(desno)

Pored [5 regularizacije, radi se i [; regularizacija koja podrazumeva prostu sumu svih tezin-
skih faktora, a ne njihovih kvadrata. Takode, mogu se raditi obe regularizacije istovremeno.
Bitno je naglasiti da se minimizacija radi na ¢itavom zbiru, a ne da se na minimalnu funkciju
greske dodaje regularizacioni ¢lan. Dobar primer regularizacije moze se ilustrovati modelom
kojeg dobro opisuje kvadratna funkcija. Ova situacija opisana je na slici 21. Pretpostavimo
da model moze imati jedan od tri navedena oblika:

Yy =wo+w (120)
Y = wo + w1 T + wyx® (121)
Y = wy + w1 + war? + wyx® + wya? (122)

Prvi model koji je ustvari linearna regresija, je prikazan na slici 21 levo. Ovaj model o¢igledno
se potprilagodio podacima i ne moze zadovoljavajuce da opiSe vezu izmedu ciljne promenljive
i atributa, te se ne moze iskoristiti za predvidanje novih rezultata. Treé¢i model je prikazan
na slici 21 desno?, gde o¢igledno vidimo da se model preprilagodio podacima. Model koji se
dobro prilagodio podacima prikazan je na slici 21 u sredini. Ukoliko vrednosti koeficijenata
w3 1 wy postanu jako bliske nuli, vidimo da se model koji se ranije preprilagodio podacima
potencijalno moze speciti u tome i iskoristiti za predvidanje.

3Nije egzaktan fit, ali ideja grafika je da ilustruje slu¢aj preprilagodavanja uzimanjem u razmatranje vise
koeficijenata nego $to je potrebno
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Na ovom primeru moze se jasno uociti uloga regularizacije. Ukoliko tre¢i model u toku
obucavanja poveca vrednosti ws i wy, to ¢e se odraziti na sumu || w ||3 koja ¢e se takode
povecati, a samim tim raste i ukupna funkcija greske. Povecanje funkcije greske sprecava
konvergenciju modela, pa se dobija efekat "kaznjavanja"modela ukoliko se ovi koeficijenti
povecavaju. Dakle, regularizacijom se postize snizavanje vrednosti nepotrebnih koeficijenata,
odnosno detekcija atributa koji su nepotrebni u analizi. Regularizacija kod neuronskih mreza
podrazumeva dodavanje regularizacionog ¢lana na kraj aktivacije, tj:

N
a;=wo+ Y wimi+ A wl? (123)
i=1

Efekat je isti, ukoliko neki od ¢lanova ima veéu vrednost od potrebne, regularizacioni ¢lan
povecava funkciju gubitka i sprecava neuronsku mrezu da konvergira.

48



2.5.5.2 Rano zaustavljanje

Alternativu regularizaciji predstavlja rano zaustavljanje treninga modela i ulgavnom se
koristi prilikom treninga nelinearnih modela kao sto su neuronske mreze. Prilikom obuca-
vanja neuronskih mreza, funkcija gubitka je nerastuc¢a funkcija broja iteracija u odnosu na
podatke za obucavanje mreze [88|. Medutim, ako se prati trend funkcije gubitka u odnosu
na validacionu ili test bazu, onda se prvo primecéuje trend opadanja koji je nakon odredenog
broja iteracija pra¢en blagim porastom. Ovaj trend ilustrovan je na slici 22.

T T T T T 0.45 T T T T T
. | |
w\ | |
025t \ -
) | |
L]
% | 0.4} |
W |
" 5% |“°"°"°°°°“W°°°°°°°°- \‘\...lw
| |
0.5 L
0 10 20 30 4 50 0 10 20 30 4 50

Slika 22: Obucavanje modela. Levo je funkcija gubitka za trening bazu koja je opadajuéa funkcija
interacija obucavanja, dok je desno funkcija gubitka validacione baze koja ima blagi rast nakon odre-
denog broja iteracija. Slika je preuzeta iz [88]

Stoga je podesno zaustaviti obucavanje u trenutku kada funkcija gubitka na validacionoj

bazi ne pokazuje dalje znake smanjivanja, odnosno zaustaviti obucavanje pre trenutka kada
funkcija gubitka validacione baze kre¢e da raste.
Metod ranog zaustavljanja ima kvalitativno objasnjenje u slede¢em. U trenutku zapocinjanja
obucavanja mreze, broj stepeni slobode mreze je jako mali. Drugim recima, kompleksnost
modela je i dalje jako mala. Kako obucavanje napreduje, raste i kompleksnost mreze, a samim
tim i sklonost ka preprilagodavanju podacima. Rano zaustavljanje u ovom smislu predstavlja
efektivno ogranic¢enje kompleksnosti mreze [8§].
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3 Primena masSinskog ucenja za odredivanje Stark-ovih
polusirina linija

Prva od tri problematike primene alata masinskog ucenja u spektroskopiji i diagnosti-
ci plazme kojom se ova teza bavi predstavlja odredivanje Stark-ove poluSirine emitovanih
atomskih linija, u okviru koje je nastala i studija regularnosti za neutralni atom litijuma. Te-
orijski prora¢uni Stark-ovih parametara se najcesée rade koriséenjem Griem-ove standardne
teorije [90], Griem-ove semiempririjske formule [91], modifikovane semiempirijske formule Di-
mitrijevi¢a i Konjevica [92], izlozenom SCP teorijom Sahal - Brechaut i Dimitrijevica [27,28].
Purié¢ i saradnici su u nizu radova |54, 55, 62,63, 65,66, 68| ispitivali regularnosti Stark-ovog
efekta, Sto duz izoelektronskih nizova, Sto duz odredenog prelaza unutar atoma. Kako u ovoj
iscrpnoj studiji i dalje nisu nasli univerzalnu ili bar aproksimativnu formulu koja bi vazila za
veéi broj emitera, napravljen je model masinskog ucenja i testirana je njegova preciznost i
tac¢nost pri odredivanju elektronske Stark-ove polusirine spektralne linije i ispitana je mogué-
nost utvrdivanja regularnosti duz atomskih prelaza. U ovoj sekciji opisan je nacin na koji je
formirana baza za obuc¢avanje modela, a zatim je obrazlozen metod kojim je izabran najbolji
model sa odgovarajué¢im parametrima i prikazani su postignuti rezultati koji su detalljno
obrazlozeni u radovima [93,94]. Obucavanje modela i predikcije radene su u programskom
jeziku python pomoc¢u open source biblioteke sci-kit learn [95].

Zmnacaj dobijenih rezultata lezi u tome $to je napravljeni model uspesno uocio oc¢ekivane
regularnosti Stark-ovog efekta, Sto prelaza duz spektralne serije, Sto duz izoelektronskog niza
nekog emitera. U radu su proucavane regularnosti duz spektralnih serija neutralnog litijuma,
ali model se moze primeniti na bilo koji emiter. Pored toga, nema vise potrebe za trazenjem
neke generalizovane formule koja bi pokrila svaki sluc¢aj regularnosti, jer je model dobro ge-
neralizovao fizicku sliku iza fenomena Stark-ovog Sirenja. Takode, model se moze koristiti za
brzu procenu elektronske poluSirine emitovane spektralne linije usled Stark-ovog efekta, gde
su dobijena odstupanja od eksperimentalnih rezultata koja iznose izmedu 20 i 30 %.

3.1 Pravljenje baze za obucavanje modela

U svrhu formiranja baze podataka za odredivanje Stark-ovih parametara, iskoriStene su
dve javno dostupne baze podataka koje se ti¢u atomskih parametara i Stark-ovih polusirina.
Prva baza je Stark B baza podataka [96] gde su tabelirani Stark-ovi parametri za zadate
parametere plazme. Atributi preuzeti iz ove baze podataka su: hemijski element (emiter),
naelektrisanje jona, elektronska temperatura i gustina elektrona. Za potrebe nalazenja para-
metara povezanih sa datim prelazom, uzete su i konfiguracije gornjeg i donjeg elektronskog
nivoa. Druga baza, iz koje su dobijene informacije o svim atomskim prelazima od interesa
jeste NIST baza atomskih podataka. Iz NIST baze atomskih podataka iskoristeni su: ener-
gija jonizacije, energije gornjeg i donjeg elektronskog nivoa, ukupan ugaoni moment gornjeg
i donjeg nivoa kao i glavni i orbitalni kvantni broj za gornji i donji energetski nivo. Algori-
tam povezivanja ove dve baze i dobijanja konac¢ne radi na sledeé¢i nacin. Prvo, za odredeni
emiter iz Stark B baze podataka uzimaju se sve konfiguracije gornjeg i donjeg energetskog
nivoa za koje je izracunata poluSirina emitovane linije. Nakon toga, za svaku konfiguraciju
iz Stark- B baze, trazi se poklapanje sa konfiguracijom iz NIST baze atomskih podataka.
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Kada se poklapanje pronade, iz NIST atomske baze podataka uzima se energija tog nivoa,
ukupan ugaoni moment za taj nivo, energija jonizacije, glavni i orbitalni kvantni broj za dati
nivo. Energija jonizacije je potrebna za racunanje efektivnog jonizacionog potencijala gornjeg
nivoa Yy, parametra kojeg je uveo Puri¢ [64] u svojim radovima o regularnosti, a ra¢una se
kao razlika energije jonizacije i energije gornjeg nivoa:

X = Eion — Ej (124)

Zbog toga Sto algoritmi masinskog uc¢enja moraju da uzimaju brojevne vrednosti, hemijski
simboli elemenata su zamenjeni njihovim atomskim brojem Z. Radi boljeg razumevanja, pse-
udo algoritam je prikazan u algoritmu 1. Na kraju ovog postupka, uspesno je upareno 54236
prelaza za 53 razli¢ita emitera.

Nakon pravljenja baze, pristupljeno je ¢iséenju baze od odudarajuéih podataka. Ovi odu-
daraju¢i podaci nadeni su tako sto je uoc¢eno da za odredeni broj prelaza ima tabelirane
vrednosti energija donjeg nivoa veée od energija gornjeg nivoa, a kako je to fizicki nemoguce,
ovi prelazi su izbaceni iz baze podataka i nisu koristeni za trening. Takode, kako su od intere-
sa bile oblasti gustina elektrona N, < 10'7 cm™3, elektronskih temperatura do 150 000 K, iz
baze su uklonjeni svi prelazi za koje se vrednosti gustine elektrona i elektronske temperature
nalaze van ovih opsega. Nakon primenjenih ogranicenja, za trening modela je ostalo 34973
prelaza za 53 emitera. Model uzima 14 ulaznih atributa, i na osnovu njih predvida Stark-ovu
elektronsku polusirinu w, koja je izrazena u jedinicama rad/s jer se ispostavilo kao bolja
opcija umesto da je data u nanometrima ili angstremima.

3.2 Predpriprema podataka i izbor najboljeg modela

Nakon kreiranja baze podataka, pristupljeno je predpripremi baze podataka kako bi mo-
deli bili u stanju da sto bolje nauce odnose izmedu ulaznih atributa, a u cilju predvidanja
ciljne varijable. Jedna od primetnih osobina napravljene baze podataka jesu razli¢iti redovi
veli¢ina atributa. Na primer, gustine elektrona su reda 10'7 ecm™2, temperature elektrona
reda par desetina hiljada kelvina, dok su kvantni brojevi reda veli¢ine 10 i manji. Ako bi
model bio pusten da se obucava na ovakvoj bazi podataka, ne bi se dobili dobri rezultati
jer bi model bio nestabilan i algoritmi minimizacije i optimizacije bi loSe radili. Stoga su svi
ulazni atributi skalirani tako da uzimaju vrednosti izmedu 0 i 1, Sto je jako povoljno za rad
svih modela masinskog ucenja. Postoji nekoliko metoda, a u ovom radu je koristen metod
standardnog skaliranja. Standardno skaliranje podataka znaci da se od vrednosti svakog atri-
buta oduzima srednja vrednost atributa i deli sa standardnom devijacijom atributa. Drugim

reCima, skaliranje se vrsi tako da:

By = L4 H (125)

o

Gde je T, nova vrednost atributa, x4 predstavlja staru vrednost atributa, p je srednja
vrednost, a ¢ standardna devijacija atributa. Nakon skaliranja izabrani radni modeli bili
su: linearna regresija, linearna regresija sa £? normom, stablo odlucivanja, slucajna Suma i
gradijentno pojacano stablo odluc¢ivanja. Posto svaki od ovih modela ima mnogo promenljivih
parametara koji se mogu optimizovati, izbor vrednosti hiperparametara modela je raden
pomocu algoritma koji se zove Grid Search Cross Validation. Ova tehnika se zasniva na

na nasumicnoj podeli baze za obucavanje u srazmeri 80% za trening i 20 % za test zadati
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broj puta (u ovom radu 5 puta) za svaki model i svaki put nanovo trenira model za zadate
hperparametre.

Algoritam 1 Pseudo kod generisanja baze podataka

for element in Stark-BElements do
charge, Z < OdrediNaelektrisanjel AtomskiBroj(element)
elementNIST <+ NadiElementUNISTu(element)
T, < Temperatura elektrona iz Stark- B
N, < Gustina elektrona iz Stark- B
we < Stark-ova polusirina
Upper Levels < Konfiguracije gornjih energetskih nivoa iz Stark- B
Lower Levels <— Konfiguracije donjih energetskih nivoa iz Stark- B
Levels < Konfiguracije svih energetskih nivoa iz NIST baze za elementNIST
ionEnergy < NadiEnergijuJonizacije(elementNIST)
for lowerlevel in LowerLevels do
for level in Levels do
if lowerlevel == level then
Lower BinEnergy,nf,lf,jf < energija donjeg nivoa i kvantni brojevi vezani
za dati prelaz
end if
end for
end for
for upperlevel in UpperLevels do
for level in Levels do
if upperlevel == level then
Upper BinEnergy, ni, li, ji < energija gornjeg nivoa i kvantni brojevi vezani
za dati prelaz
X < tonknergy — Upper BinEnergy
end if
end for
end for
if length(LowerBinEnergy) != length(UpperBinEnergy) then
Greska return
else
while i != length(LowerBinEnergy) do
Z,Te, N, charge, x, ionEnergy, Upper BinEnergy, j;, Lower BinEnergy, jf, ni,
li;ng,ly,we < Upis u bazu za trening
end while
end if
end for

Za svaku podelu, model pamti rezultat i na kraju vra¢a najbolji rezultat modela u smi-
slu R? koeficijenta determinacije i parametre za koji je ovaj rezultat postignut. Razmotreni
parametri za sve modele dati su u tabeli 1.
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Tabela 1: Razmotreni modeli i odgovarajuéi hiperparametri

Model Hiperparametri

stablo odluc¢ivanja max__depth = 3,5,10

max__depth = 3,5,10
Slucajna Suma min_samples leaf = 3,45
n_estimators = 50,100,200

max_depth = 3,5,10

Gradijentno pojacano stablo odlucivanja min_samples leaf = 2,3,4

n_estimators = 50,100,200

Najbolji rezultati postignuti treningom za svaki model dati su u tabeli 2.

Tabela 2: Nagbolji rezultati modela nakon treninga i odgovarajuci koeficijent determinacije R

Model Hiperparametri R? koeficijent determinacije

stablo odluc¢ivanja max__depth =5 0.9

max_depth = 10
Slucajna Suma min_samples leaf = 3 0.97

n_estimators = 200

max_depth = 10

Gradijentno pojac¢ano min_samples leaf = 2 0.96

stablo odluc¢ivanja .
n_estimators = 200

Zakljucak Grid Search Cross Validation tehnike je da se najbolji rezultati dobijaju za
model sluc¢ajne Sume sa hiperparametrima koji su navedeni u tabeli 2. Preprilagodavanje nije
problem ovde, a provereno je tako §to su poredeni koeficijenti determinacije R? dobijeni za
trening podatke i za test podatke. Posto su istog reda veéinie (trening R? = 0.99, a test R?
= 0.97) zakljucuje se da model nije preprilagodio podacima i da se moze koristiti u analizi i
predikciji Stark-ovih polusirina za razlic¢ite emitere.

3.3 Analiza regularnosti Stark-ovog efekta za spektralne serije Li I

Model slucajne Sume primenjen je na izucavanje regularnosti duz spektralnih serija neu-
tralnog litijuma. Na slikama 23, 24 i 25 prikazani su rezultati predikcije modela sa izracunatim
Stark-ovim elektronskim polusirinama iz Stark- B baze. Predikcije su radene i za necelobrojne
glavne kvantne brojeve, stoga fizicki smisao imaju samo skokovi prikazani crvenom linijom,
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dok ostali rezultati nemaju fizickog smisla. Vidi se da je model uspesno predvidio kvantnu
prirodu emisije, te da daje u skladu sa greskom razumne rezultate za ovaj tip analize.
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Slika 23: Predikcije modela za 2p - nd i 3p - nd spektralne serije Li I za N, = 102 m™3 i T, = 30
000 K.
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Slika 24: Predikcije modela za 2s - np i 3s - np spektralne serije Li I za N, = 1020 m™3 ¢ T, = 30
000 K.

Sa slika 23 i 24 se primecuje da model nije na najbolji nacin predvideo energije na kojima
se prelaz deSava, dok se na nekim mestima ni ne primecéuje nagli skok u vrednosti. Ipak za
veéinu prelaza, ovo ponasanje je opazeno te se moze rec¢i da je model jasno uocio regularnosti
duz spektralnih serija atoma Li I.

Od velikog interesa je bilo predvideti i elektronske Stark-ove polusirine za visoke energet-
ske nivoe za koje ovi podaci jo§ nisu izracunati. Predikcije su uradene za gustinu elektrona od
N, = 102 m~3 i temperaturu elektrona 7, = 30 000 K. Ovi rezultati prikazani su na slici 26.
Uocava se da model dobro prati linearni trend do odredenog prelaza kada nastupa saturacija.
Saturacija nije bila predvidena u ranijim studijama regularnosti Stark-ovog efekta [60,62,63]
a najverovatnije objasnjenje njenog postojanja ove jeste Debye-ev efekat ekraniranja emitera.
Naime, posto je re¢ o prelazima sa vrlo visokim energijama i visokim kvantnim brojevima,
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Slika 25: Predikcije modela za 3d - np i 4d - np spektralne serije Li I za N, = 102 m™3 i T, = 30
000 K.

postoji verovatnoca da je emiter ekraniran i da ne vidi polje perturbujuéih elektrona. Ovo
predstavlja dobar primer fizickie slike koju je model uspeo da nauci iz podataka na kojima
je obucavan, $to znaci da je postigao visok stepen generalizacije podataka.
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Slika 26: Predikcije modela za 2p - ns i 3p - ns spektralne serije Li I za N, = 1022 m™3 i T, = 30
000 K.

U cilju ispitivanja ove pretpostavke, uradena je i predikcija za veéu elektronsku gustinu,
za koju je Debye-ev radius manji,pa bi i saturacija trebalo da nastupi ranije, odnosno da bude
uocljiva i na nizim glavnim kvantnim brojevima. Na slici 27 prikazana je predikcija modela
za Stark-ove elektronske polusirine za spektralne serije 2p - ns i 2s - np za gustinu elektrona
od N, =102 m™3 i T, = 30 000 K. Kada se uporede slike 26 i 27 vidimo da se za spektralnu
seriju 2p - ns saturacija javlja ve¢ kod glavnog kvantnog broja gornjeg energetskog nivoa
n; = 7, za razliku od gustine elektrona N, = 10*2 m~3 gde se to deSava za n; = 10. Ovaj
rezultat predstavlja jak dokaz da je saturacija zapravo efekat Debye-vog ekraniranja. Pored
regularnosti spektralnih serija, ispitana je i regularnost Stark-ovog efekta duz izoelektronskog
niza atoma litijuma i rezultati su uporedeni sa eksperimentalnim podacima Blagojevica i
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Slika 27: Predikcije modela za 2p - ns i 2s - np spektralne serije Li I za N, = 102 m™3 i T, = 30
000 K.

saradnika [97]. Rezultati su dati za 3s-3p prelaze emitera B III, C IV, N V i O VI. Predikcije
modela slucajne Sume prikazani su na slici 28. Sa slike se vidi slaganje izmedu predvidenih
vrednosti Stark-ovih polusirina i eksperimentalno merenih.

Vidi se da je model uspesno predvideo regularnost Stark-ovog efekta duz izoelektronskog
niza koja je i eksperimentalno potvrdena.

. B Predikcije modela )
axion] * = Eksperimentalna merenja
®
W 3x10M
B *
3 n
n
11
2x10 . .
n
5x%10° 6x10° 7x10° 8x10°

Slika 28: Studije reqularnosti Stark-ovog efekta duz izoelektronskog niza litijuma. Posmatrani prelaz
je 3s-3p, a prelazi su u vidljivom delu spektra za proucavane emitere: B III, C IV, N Vi O VL
Eksperimentalne i teorijski racunate $irine normirane na gustinu elektrona od N, = 10?3 m™3.

3.4 Procena vaznosti atributa

Posto model uzima 14 ulaznih atributa na osnovu kojih se predvida Stark-ova polusirina,
moze se ispitati koliko je svaki atribut pojedina¢no bitan za finalnu predikciju modela. Odlu-
¢eno je da se vaznost atributa za predikciju ispita koristenjem permutacione vaznosti atributa
(eng. permutation feature importance). Ovaj algoritam podrazumeva da se svaki atribut na-
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izmeni¢no permutuje sa nekim drugim atributom, pa se onda gleda opadanje performansi
modela. Sto je to opadanje izrazenije, to je atribut bitniji za predikciju ciljne varijable. Neka
je baza za obucavanje D. Prvo se model obudi i izra¢una referentni rezultat s. Potom se za
svaki atribut 5 € D radi k permutacija. Za svaku permutaciju k atribut se premesta na drugo
mesto u odnosu na inicijalnu bazu podataka i tako se pravi nova baza za trening koja je
zapravo losa kopija originalne (eng. corrupted database). Za ovu bazu se onda model nanovo
obucava i rac¢una se novi rezultat predikicije, a potom i vaznost atributa j preko formule:

1 K
ij=5— 1 ; Sk (126)

Analiza je vaZzna sa stanovista da li dati model moze da ima manju dimenzionalnost od pr-
vobitnog, ali tako da sa¢uva sve bitne informacije iz originalnog seta podataka. Takode, u
originalnoj bazi podataka postoje i redudantni podaci, npr. kada se definiSe efektivni joniza-
cioni potencijal gornjeg nivoa preko formule (124) u njemu dalje figuriSu i energija gornjeg
nivoa i energija jonizacije. U originalnom modelu ovi atributi su ostavljeni, a sada treba is-
pitati i njihov uticaj.

Svaki atribut je permutovan 10 puta, i njegova vaznost izra¢unata je po formuli (126). Re-
zultat analize prikazan je na slici 29.

Analiza vaznosti atributa permutacionom metodom

1

Vaznost atributa
w

- -
0 S N e

Ne ni q X Emiterli Eu nf El I JI Ju Te Eion

Slika 29: Analiza vaznosti atributa koristenjem permutacione vaznosti.

Ocekivano, model smatra za najbitniji ulazni atribut gustinu elektrona $to je i fizicki
opravdano, dok dalje imamo isklju¢ivo atomske parametre. Interesantno je da temperatura
plazme jako slabo uti¢e na predikcije modela, sto i jeste u skladu sa Stark-ovim efektom.
Temperaturna zavisnost je mala, ali ipak postoji. Rezultat permutacione analize govori nam
da mozemo smanjiti dimenzionalnost ulaznih podataka, kako bi dobili jos brzi model sa istom
moci predvidanja. Odbaceni atributi su energija gornjeg nivoa, jonizaciona energija, glavni
kvantni broj donjeg nivoa i orbitalni kvantni broj donjeg nivoa. Ukupni orbitalni kvantni
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broj oba nivoa zadrzan je radi razli¢itih multipleta, dok je temperatura elektrona ostavljena
iz fizickih razloga jer ipak ima malog uticaja na Stark-ovu polusirinu linije. Model je pono-
vo obucen, ali nije bilo mnogo boljeg rezultata. Koeficijent determinacije za iste parametre
slu¢ajne sume date u tabeli 2 sada je bio R? = 0.98, §to predstavlja blago poboljsanje, ali
je srednja relativna gresSka modela ostala u opsegu od 8 do 10 %. Dakle, zakljucak je da u
pocetnoj analizi redudantni podaci nisu imali veliki uticaj na generalizaciju modela, stoga je
nastavljeno sa koris¢enjem istog modela ¢ije su predikcije sada uporedene sa eksperimental-
nim merenjima.

3.5 Poredenje predikcija modela slu¢ajne Sume sa eksperimentalnim
podacima

Kako bi se ispitala pouzdanost razvijenog modela sluc¢ajne Sume, njegove predikcije upo-
redene su sa eksperimentalnim podacima raznih autora. Prvo poredenje je poredenje sa re-
zultatima Dojic¢a i saradnika [98] za emitere Al IT i Al III. Rezultati poredenja prikazani su
na slici 30.

Alll Odnos Wexp/Wpred Za Al 1l
. [ ]
4 ML model
4 Eksperimentalne vrednosti 18
A =
3 T 161
-~ [
= 3 14]
32 x5
3 [ ]
1 . 1.2
1
i " L]
i 10{ "
2560 3000 35'00 4000 45;30 50'00 55b0 2500 3000 3500 4000 4500 5000 5500
A (A) A (A)

Slika 30: Poredenje eksperimentalnih i predvidenih vrednosti za Al Il. Prava linija na slici desno
predstavlja slucaj kada je eksperimentalno merena polusirina jednaka predvidenoj polusirini

Pored slike 30 poredenje predvidenih vrednosti i eksperimentalnih vrednosti dato je u tabeli
3.
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Tabela 3: Rezultati poredenja predvidenih Stark-ovih polusirina i eksperimentalno merenih vrednosti
za Al II. Sve $irine normirane su na gustinu elektrona od N, = 10% m™3

Talasna duZina T. [K] Weap |A Wpred |A] Weap/Wpred
[nm]
263.154 26400 0.65 0.63 1.02
281.618 26400 0.40 0.21 1.89
358.66 26400 1.29 1.17 1.09
466.31 26400 1.09 0.64 1.70
559.33 26400 4.40 3.50 1.25

Sa slike 30 i iz tabele 3 moze se zakljuciti da je u slucaju emitera Al IT srednja relativna
greska predikcije modelom slucajne sume 24 %. Ova greska odgovara i SCP modelu ¢ija
usrednjena greska predikcije takode iznosi oko 20 %.

Za Al III rezultati predikcije napravljenog modela dati su na slici 31 i u tabeli 4.

Al ” 0dn05 wexp/wpred Zd Al ”
. 177 5
121 . . 161 =
* 151
#
10 "
- +| 5L
< 3 13
3 0.8 [+% | ]
' § 121w
] 3 "
0.6 11{ u
4 MLmodel 10 s
04 i *  Eksperimentalne vrednosti 091 .
3500 4000 4500 5000 5500 3500 4000 4500 5000 5500
A (A) A (A)

Slika 31: Poredenje eksperimentalnih i predvidenih vrednosti za Al IIlI. Prava linija na slici desno
predstavlja slucaj kada je eksperimentalno merena polusirina jednaka predvidenoj polusirini
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Tabela 4: Rezultati poredenja predvidenih Stark-ovih polusirina i eksperimentalno merenih vrednosti

za Al III. Sve $irine normirane su na gustinu elektrona od N, = 10%3 m™3
Talasna duZina T. [K] Wezp [A] Wyred |A] Weap/Wpred
[nm]

360.16 26400 0.38 0.32 1.18
361.24 26400 0.35 0.32 1.09
370.21 26400 1.11 0.70 1.59
371.31 26400 1.17 0.70 1.68
451.26 26400 1.21 1.05 1.14
452.92 26400 1.34 1.06 1.26
569.66 26400 1 0.99 1

972.27 26400 0.93 1.01 0.91

Iz tabele 4 zaklju¢ujemo da se srednja relativna greska modela za sluc¢aj emitera Al III 18
%. Eksperimentalni podaci i predikcije modela uporedene su i za eksperimentalno odredene
Sirine iz radova [99,100|. Rezultati ovog poredenja prikazani su na slici 32 i u tabeli 5.

WA 014

0.014

T
0.1

WA

EXP

WEXP / WRF

T T T L T T T T T T T T 1
1000 2000 3000 4000 5000 6000 7000 8000 9000

Talasna duzina [A]

Slika 32: Poredenje eksperimentalnih i predvidenih vrednosti za razlicite emitere date u tabeli 5. Prava
linija na slici desno predstavija slucaj kada je eksperimentalno merena polusirina jednaka predvidenoj

polusiring
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Tabela 5: Rezultati poredenja predvidenih Stark-ovih polusirina i eksperimentalno merenih vrednosti
za razlicite emitere. Sve Sirine normirane su na gustinu elektrona od N, = 10?3 m~3

Emiter Talasna T. K] Wezp |Al Wyred |A] Weap/Wpred
duZina [nm)|

AlTI 266.92 10500 0.0062 0.10 0.05
Al Il 199.05 10500 0.44 0.11 3.98
Al TIT 360.52 50000 0.13 0.24 0.5
Al TIT 570.53 26400 0.78 0.73 0.06
Ba IT 614.17 13000 0.44 0.91 0.48
Ba II 455.40 13000 0.49 0.43 0.87
Ca Il 854.21 13000 0.88 1.08 0.80
Ca Il 393.37 13000 0.23 0.21 0.92
Ca Il 373.62 13000 0.25 0.65 0.38
Ca Il 317.93 13000 0.58 0.45 1.27
Pb II 560.89 11600 1.96 2.23 0.87
Pb II 424.49 11600 1.69 2.64 0.63
Pb II 504.26 11600 3.84 2.45 1.56
Pb II 220.35 28000 0.05 0.13 0.05
Pb II 438.65 24000 0.70 2.37 0.29
Pb II 666.02 24000 0.90 2.45 0.36
Mg II 279.55 14300 0.12 0.10 0.80
Mg II 279.08 14300 0.17 0.21 0.78
Mg II 292.87 10000 0.70 0.31 2.23
Mg II 448.12 10000 4.26 2.39 1.78

Iz tabele 5 i sa slike 32 vidimo da model daje dobar red veli¢ine Stark-ove polusirine
emitovane spektralne linije sa tendencijom da uglavnom precenjuje njenu vrednost, Sto se
jasno vidi sa grafika na slici 32 desno. Primetno je da model najveca odstupanja pravi u UV
delu spektra, dok odstupanja teze manjim vrednostima u vidljivom delu spektra. Ukoliko
izuzmemo odudarajuc¢e podatke iz analize, dobi¢emo da je prosecna relativna greska modela
oko 38%, sto je dovoljno dobro za kvalitativnu ocenu elektronske polusirine spektralne linije
koja do sada nije eksperimentalno odredena. Treba takode biti svestan i toga da su najbolje
eksperimentalno odredenje Stark-ove polusirine i dalje date sa greSkama reda veli¢ine 15%
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[99]. Ako se razmataju i analize date u tabelama 3 i 4 dolazi se do zakljucka da je odstupanje
modela prilikom poredenja sa eksperimentalnim vrednostima izmedu 25 i 30 %.
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4 Primena masinskog ucenja u LIBS kvantitativnoj ana-
lizi

(Cilj istrazivanja u ovom radu bio je ispitati moguénost koristenja baze podataka za obuca-
vanje modela snimljene pod kontrolisanim eksperimentalnim uslovima u jednoj laboratoriji,
koji bi posle bio koristen za predvidanje sastava nepoznatih uzoraka iz spektara snimljenih
u drugoj laboratoriji pod istim eksperimentalnim uslovima. Vaznost rezultata dobijenih u
ovom radu predstavlja i to da standardni uzorci nisu dostupni svim laboratorijama, skupi su,
a i treba ih imati vise desetina kako bi se postigla sto bolja varijansa u bazi za obucavanje.
Zbog toga S$to se zbog svojih osobina i dalje razmatraju kao referentni materijali za prvi zid
reaktora [101], odluceno je da ispitivani uzorci budu austenitni nerdajuéi ¢elici.

Sto se tice pristupa kvantitativnoj analizi u LIBSu, razlikuju se dve metode. Jedna je
metoda univarijantne kalibracije, tj. pravljenje standardne kalibracione krive za intenzitet
pogodno odabrane linije i odredivanje nepoznate koncentracije prisutnog elementa iz ove ka-
libracione krive. Drugi nac¢in jeste da se iz Saha - Boltzmann-ove jednacine odrede gustina
elektrona i elektronska temperatura, sto dalje omoguéava odredivanje nepoznate koncentraci-
je konstituenta metala nezavisno od efekta osnove. Za ovaj pristup neophodno je pretpostaviti
vazenje lokalne termodinamicke ravnoteze (LTR) u plazmi i on je poznat i kao bezkalibracioni
metod (eng. Calibration - Free LIBS) [102]. Kako bi se ubrzala kvantitativna analiza uzora-
ka, u LIBS zajednicu usla je i primena masinskog ucenja i vestacke inteligencije [103-106].
Osnovni algoritmi koji se najéescée koriste pri analizi jesu analiza glavnih komponenti (PCA)
za snizavanje dimenzionalnosti ulaznih parametara (to su najcesée merene talasne duzine),
potom metoda potpornih vektora (SVM) za klasifikaciju po kategorijama ili metod parcijalnih
najmanjih kvadrata za kvantitativnu analizu [107|. Pored ovih osnovnih algoritama masinskog
ucenja, razni autori su primenili i proste duboke neuronske mreze ili konvolucionalne neuron-
ske mreze za klasifikaciju ili za kvantitativnu analizu razli¢itih tipova uzoraka [108-112].

Nelinearni modeli masinskog ucenja, poput slucajnih suma, takode su u Sirokoj upotrebi
u analizi LIBS spektara [113-116]. Pre same konstrukcije modela, umesto metode glavnih
komponenti koja trazi pravce maksimalne varijanse u podacima, mogu se koristiti i neki dru-
gi algoritmi kao Sto su ve¢ pomenuti metod permutacione vaznosti atributa, potom Gini-jev
kriterijum vaznosti atributa, kao i drugi metodi napravljeni od strane autora direktno. Iako
su glavne linije emitera koji se o¢ekuju uglavnom poznate, poboljSanje automatske detekcije
glavnih linija u spektru u mnogome ubrzava kvantitativhu analizu. U slu¢aju LIBS analize
Celika, koji su od interesa i u ovom radu, Zhang i saradnici [117] su primenili metod sluc¢ajne
Sume za odredivanje sastava nepoznatih ¢eli¢nih uzoraka, dok su kasnije u radu [118] primeni-
li i neuronsku mrezu kombinovanu sa predloZzenim algoritmom selekcije najvaznijih atributa
koristeci sopstveni algoritam SelectKBest za odredivanje koncentracije elemenata koji su pri-
sutni u tragovima u meti. Dalje, za izbor najrelevantnijih atributa Liu i saradnici [119] su
koristili metod permutacione vaznosti atributa primenjen na model slu¢ajne Sume kako bi
izvrsili smanjenje dimenzionalnosti ulaznih podataka. Gini-jev kriterijum, koji je koristen i
u ovom radu, koristen je u radovima [120, 121] u kombinaciji sa metodom sluc¢ajne Sume za
studiju klasifikacije, medutim ova kombinacija procene vaznosti atributa i modela za predik-
ciju nije bila do sada koristena za kvantitativne analize u LIBS zajednici i predstavalaju njen
potencijalni originalni doprinos.
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Jedan od problema koji se pojavljuje pri primeni vestacke inteligencije u LIBS zajednici
jeste pravljenje dovoljno velike baze za obucavanje modela. To zahteva da eksperimentator
poseduje veliki broj standardnih uzoraka (barem 50) koji su ¢esto i skupi te ih veliki broj
laboratorija ne moze priustiti. Takode, eksperimentator mora obezbediti i da se uslovi snima-
nja ne menjaju u toku akvizicije spektara, §to znac¢ajno otezava rad. Jedne od jako pouzdanih
baza podataka napravljene su za LIBS konferencije, u sklopu kojih se odrzava tradicional-
no takmicenje uporedne procene (benchmarking) na temu primene vestacke inteligencije u
LIBS-u. Na poslednjoj konferenciji LIBS 2022 u Bariju, radena je LIBS kvantitativna ana-
liza i odredivanje koncentracije glavnih elemenata u celiku, a baza za obucavanje je javno
dostupna [122]. Postojanje javno dostupne i pouzdane baze podataka predstavljalo je idealnu
priliku za testiranje moguénosti obucavanja modela na veé¢ unapred pripremljenoj bazi za
obucavanje, pri ¢emu se u laboratoriji eksperimentatora snimaju samo spektri nepoznatih
test uzoraka. Ovo je bilo moguce izvesti jer u laboratoriji za spektroskopiju plazme i lasere
u Institutu za fiziku postoji sva neophodna oprema kako a i potrebno iskustvo za postavlja-
nje identi¢nog eksperimenta i postizanje priblizno istih uslova snimanja baze za obucavanje.
Glavni cilj ovog rada je testiranje greske koja se inherentno uvodi u ovakvom procesu, kao i
analiza metoda koje mogu da se preduzmu kako bi se iste mininizovale.

U nastavku, opisana je eksperimentalna postavka LIBS sistema za akviziciju. Nakon toga,
objasnjen je postupak predpripreme baze za obucavanje i sam odabir modela, nakon ¢ega
su izlozeni i rezultati. Celokupni rezultati ovog poglavalja predstavljeni su u radu [123], a
sve analize radene su u programskom jeziku python primenom sci-kit learn i keras biblioteka
otvorenog koda [95].

4.1 Opis eksperimenta

Eksperimentalna postavka bila je identi¢na kao ona opisana u propratnom fajlu koji je
dosao uz bazu za obucCavanje i prikazan je na slici 33. Predstavlja klasi¢cnu LIBS eksperi-
mentalnu postavku gde se laserski zrak iz Nd:YAG lasera Quantel koji radi na osnovnom
harmoniku A = 1064 nm, ima vreme trajanja impulsa od 6 ns i repeticiju od 10 Hz fokusira
na metu preko ogledala M i so¢iva L zizne daljine f = 15 cm. Spektar generisane plazme se
posmatra preko fokusirajuceg kolimatora zizne daljine f = 4.4 c¢m i fiber optickim kablom
se vodi do spektrometra Mechelle 5000 i detektuje preko Andor iStar ICCD kamere hladene
na —15°C. Kako bi se dobio §to bolji odnos signal Sum, koriSteno je pojacanje kamere od
80 (mogudi opseg 0-255). Kamera je okidana preko generatora kasnjenja Stanford Research
Systems 535 (DDG generatora), kojim je kontrolisano kasnjenje kamere i njena ekspozicija.
Sam DDG je okidan preko fotodiode PD koja je posmatrala plazmu. Meta je pomerana po-
moc¢u X-Y motorizovanog pomeraca kako bi imali §veze"mesto za novi pucanj. Akvizicija je
radena tako Sto se ispred laserskog zraka montirao opto - mehanicki prekidac¢ koji je povezan
sa kontrolerom za brojanje impulsa. Na kontrolor je doveden sinhronizacioni signal iz lasera,
koji vrsi brojanje tih impulsa. Nakon izbrojanih 16 impulsa, prekidac se aktivira i laserski
zrak se blokira. Ovo predstavlja jedno snimanje, a radeno je usrednjavanje 20 ovakvih snima-
nja. To efektivno daje 320 laserskih pucnjeva u isto mesto. Rezultujuci test spektar dobijen
je kao zbir 5 ovako dobijenih spektara. Eksperiment je raden u vazduhu, energija lasera bila
je podeSena na (96.1 + 1.2) mJ, dok je kasnjenje bilo 0.6 us a ekspozicija kamere 50 us.
Diametar spota na meti bio je priblizno 0.2 mm, kako bi $to bolje ponovili uslove snimanja.
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Priprema uzoraka za snimanje ukljucivala je brusenje uzoraka sa brusnim papirom granulacije
200, pa potom sa brusnim papirom granulacije 600, te je na kraju povrsina uzorka obrisana
sa etanolom.

L \
meta

Spektrometar

Slika 33: Eksperimentalna postavka. Laserski impuls iz Nd:YAG lasera Quantel (6 ns, X\ = 1064 nm,
95 mJ) je preko ogledala M i sociva L fokusiran na metu od celika koja se nalazila na X-Y pomeracu.

Spektar svakog ¢elika snimljen je Mechelle 5000 spektrometrom za jedan pucanj Nd:YAG
lasera, energije 95 mJ, talasne duzine A = 1064 nm i duzine trajanja impulsa od 10 ns, dok
je diametar laserskog spota na meti bio 0.2 mm. Ovo su uslovi koji su ponovljeni prilikom
snimanja test spektara.

4.2 Predpriprema podataka

Snimljeni spektri u bazi za obucavanje su spektri 42 razlic¢ite vrste ¢elika. Za svaki uzorak,
u bazu je akumulirano 50 spektara. Ovo daje ukupno 2100 spektara u bazi za obucavanje,
Sto predstavlja dovoljan broj kako bi se razvio dobar prediktivni model. Kako bi model $to
bolje naucio ulazne podatke, oni su normalizovani koriste¢i Standard Normal Variate (SNV)
metodu normalizacije. Ova metoda podrazumeva da se od intenziteta svakog piksela oduzme
srednja vrednost intenziteta svih piksela i podeli sa standardnom devijacijom snimljenog
spektra [124]:
_ Joaa =y (127)

o

Inew

Pri ¢emu je I, vrednost intenziteta nakon normalizacije, 4 je merena vrednost intenzi-
teta, I, predstavlja srednju vrednost intenziteta a o standardnu devijaciju spektra. Nakon
normalizacije, uklanjanje odudarajuc¢ih podataka uradeno je sa algoritmom izolacione Sume
(eng. Isolation Forest). Potom, uradeno je i skaliranje podataka koriste¢i MinMax skaliranje
dato sa: I

Lo = ————min_ (128)

[ma:p - [mzn
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Slika 34: Vaznost ulaznih atributa. Vidi se da su prepoznate neke od glavnih analitickih linija ele-
menata od interesa. Na primer, prepoznata je Mo II linija na 281.61 nm, a velika vaznost je takode
data je i atributima jonskih linija Ni Il na 239.45 nm ¢« Nv II na 241.6 nm. Pored toga, za atom
hroma veliku vaznost imaju linije Cr Il na oko 286 nm i 336 nm.

Ovo skaliranje dovodi vrednosti atributa na vrednosti izmedu 0 i 1, Sto predstavlja stabilan
opseg za veéinu algoritama veStacke inteligencije i masinskog ucenja.

Posto je ulazni set podataka velike dimenzionalnosti (40002 kolone), potrebno ga je sma-
njiti uz oc¢uvanje najbitnijih informacija. Prvo smanjenje je jednostavno postignuto smanje-
njem opsega emitovanog spektra na oblast talasnih duzina izmedu 200 i 500 nm, jer u ovom
opsegu lezi veé¢ina analitickih linija elemenata od interesa. Dimenzionalnost baze nakon ovog
koraka iznosila je oko 15 000 kolonaje oko 15 000 kolona, $to je i dalje prevelika brojka,
pa je za dalju redukciju dimenzionalnosti iskoristen Gini-jev indeks. Biranjem atributa za
koji je Gini-jev indeks najmanji, povecava se Cistoca sledeé¢ih uzoraka, Sto rezultira time da
algoritam na kraju tezi da ostavi ¢iste uzorke sa samo jednom vrednoSéu za date ulazne
podatke. Algoritam masinskog ucenja koji ima implementiran ovaj algoritam jeste sluc¢ajna
Suma, koja je koristena za dalju redukciju podataka. Za svaki element od interesa (Cr, Ni, Mo
i Mn) formirana je sluéajna Suma sa razli¢itim hiperparametrima. Koriste¢i GridSearchCV
algoritam opisan u prethodnom poglavlju, nadeni su optimalni hiperparametri. Broj stabala
odluc¢ivanja u slucajnoj Sumi za svaki element postavljen je na 300, dok dubina drveta nije
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ogranic¢avana. Svi ostali parametri modela ostali su na svojim podrazumevanim vrednostima.
Rezultat analize vaznosti ulaznih atributa koriséenjem Gini-jevog indeksa prikazan je na slici
34. Na slici vidimo da su prepoznate neke od glavnih analitickih linija elemenata od interesa.
Prepoznata je Mo II linija na 281.61 nm, a velika vaznost data je i atributima jonskih linija
Ni II na 239.45 nm i Ni II na 241.6 nm. Takode veliku vaznost imaju i linije Cr II na oko
286 nm i 336 nm. Granica vaznosti atributa je menjana, a najbolji rezultati dobijeni su za
2 x 1074,

4.3 Rezultati

Nakon smanjenja dimenzionalnosti baze za obucavanje, broj spektara koriSten za obuca-
vanje je dat u tabeli 6.

Tabela 6: Ukupna dimenzionalnost baze za obucavanje i broj uzoraka za obucavanje modela

Element Broj ulaznih atributa Broj spektara za trening Broj spektara za validaciju

Cr 273 1608 492
Ni 120 1608 492
Mn 129 1608 492
Mo 317 1608 492

Instancirana su cetiri modela, jedan za predikciju koncentracije svakog elementa od in-
teresa. Koristena su dva razli¢ita prilaza, jedan je slu¢ajna Suma, a drugi je prosta potpuno
povezana neuronska mreza. Dakle, to ¢ini ukupno ¢etiri instancirane sluc¢ajne Sume i Cetiri
instancirane neuronske mreze. Svaki instancirani model slu¢ajne Sume je imao 350 stabala
odlucivanja, dok je arhitektura svake neuronske mreze bila sa tri skrivena sloja sa 100, 150
i 50 neurona respektivno. Aktivaciona funkcija je bila ReLLU, a maksimalan broj iteracija
postavljen na 1000. Kao Sto se iz tabele 6 moze zakljuciti, baza za obucavanje podeljena je
u odnosu 80% prema 20% za trening i validaciju svakog modela. Rezultati predikcije modela
poredeni su na dva nacina: preko koeficijenta determinacije R? i preko korena iz srednjeg
kvadratnog odstupanja RMSE (eng. Root Mean Square Error). Ovi rezultati prikazani su u
tabeli 7.

Tabela 7: Rezultati predikcije modela slucajne Sume (RF') i neuronske mreze (NN) na bazi za valida-
ciju modela za elemente od interesa

Element R% . R% v RMSExr RMSEyx
Cr 0.88 0.97 3.68 1.84
Ni 0.97 0.98 1.77 1.21
Mn 0.89 0.93 0.39 0.31
Mo 0.85 0.96 0.51 0.26
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Slika 35: Predvidene koncentracije korisenjem RF @ NN modela i njihovo poredenje sa sertifikovanim
vrednostima. Brojevi na © - osi oznacavaju laboratorijski broj uzorka. Slika sugeriSe da je model
postigao dobre rezultate za Cr, Mn i Ni, ali sa druge strane RF model je imao lo§ performans za
slucaj molibdena Mo.

Na osnovu tabele 7 moze se videti da je na osnovu oba parametra, neuronska mreza dala
bolje rezultate za sve elemente od interesa.

Tabela 8: Koncentracije elemenata od interesa za laboratorijske uzorke Ciji je spektar izmeren u ovom
radu

Element 443 445 (AISI 410) 446 (AISI 321) 447 (AISI 309)
(Cr18.5-Ni9.5)
Cr 18.5 13.31 18.35 23.72
Ni 9.4 0.28 9.11 13.26
Mn 3.38 0.77 0.53 0.23
Mo 0.12 0.92 0.43 0.053

Medutim, cilj ovog rada bio je ispitati da li je moguce nakon obucavanja modela na
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ve¢ dostupnoj bazi podataka koristiti isti model za predvidanje koncentracije nepoznatih
uzoraka snimljenih pod istim uslovima u drugoj laboratoriji. Zbog toga je snimljen spektar
4 austenitna celika laboratorijskih oznaka 443, 445, 446 i 447 c¢ije su koncentracije elemenata
od interesa unapred poznate i date su u tabeli 8. Koncentracije dobijene sa oba prilaza
prikazane su na slici 35. Izlozeni rezultati ukazuju da je moguée istrenirati model, a potom
model Kkoristiti za predvidanje test uzoraka snimljenih u sopstvenoj laboratoriji. Treba takode
naglasiti da je u ovom slu¢aju posao bio otezan ¢injenicom da ulazni spektri u bazi za obuku
nisu bili korigovani na intenzitet, stoga ni ulazni test spektri nisu bili korigovani na intenzitet.
Moze se videti da neuronska mreza daje dobre rezultate za sve elemente, slu¢ajn Suma (RF)
nesto losije, pa je u slu¢aju molibdena doslo i do preprilagodavanja modela trening podacima.
Model za predikciju molibdena je jo§ jednom obucen, pri ¢emu su koristeni svi ulazni atributi
bez ikakve redukcije, medutim rezultati predikcija na validacionom skupu podataka kao i na
test skupu su ostali isti.
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5 Primena vestacke inteligencije za modelovanje EUYV spek-
tra volframa

Kako je volfram izabran za materijal prvog zida budué¢ih fuzionih reaktora, sprovedene su
intenzivne studije emitovanog elektromagentnog spektra volframa u razli¢itim tokamacima i
steleratorima [125-130], ili u joniskim zamkama elektronskog snopa [131,132] (EBIT). Joni
sa najgornjom N ljuskom (n = 4) predstavljaju dominantnu vrstu u plazama sa elektron-
skim temperaturama reda 0.6 do 4 keV. Emitovane spektralne linije ve¢inom leze u oblasti
ektremnog ultraljubicastog zracenja i mekog X zracenja. Zbog veoma kompleksne strukure
energetskih nivoa jona sa parcijalno popunjenom 4d ili 4f podljuskom, jako veliki broj emito-
vanih linija se stapa u veoma uskom intervalu talasnih duzina. Ovo stapanje dovodi do pojave
kvazikontinuumskog spektra koji se naziva UTA (eng. za Unresolved Transition Array) spek-
tar. Tipic¢an primer jeste UTA spektar volframa koji nastaje n = 4-4 prelazima jona volframa
razli¢itih stepena jonizacije koji se medusobno stapaju na oko 5 nm, pa se dobija nesto nalik
kvazikontinuumskoj traci [128]. Prvi pokusaji modelovanja ovakvog tipa spektra koristenjem
CR modela nije u potpunosti uspelo delimi¢no usled numerickih ograni¢enja prorac¢una, a
delom i zbog nemogucnosti da se ukljuc¢e komplikovane pobudene elektronske konfiguracije
razli¢itih emitera [126-129]. Dugi niz godina, spektri volframa proucavaju se na heliotronu
LHD u Japanu pomocu razli¢itih spektrometara [128-130|. Ova masina pokazala se kao dobra
za snimanje spektara volframa zbog visoke temperature jezgra plazme, intenziteta spektral-
nih linija koje su emitovane i robustnosti prilikom ubacivanja necistoc¢a. Kao rezultat ovih
istrazivanja, formirana je velika baza emitovanih spektara volframa. Stoga se prirodno na-
mece upotreba vestacke inteligencije kao resenja za modelovanje ovog tipa spektra.

Za te svrhe, iskoriSten je varijacioni autoenkoder (VAE), ¢ija je arhitektura i princip rada
objasnjen ranije u sekciji 2.5.4. Sto se tice primene varijacionih autoenkodera u fizici, najce-
S¢e se koriste za pravljenje kombinovanih modela, gde se koriste samo enkoder ili dekoder.
Naprimer, Streeter i saradnici [133] su koristili VAE kako bi enkodirali profile gustine elektro-
na i profila rasejanja laserskog zraka, Cije su latentne reprezentacije zajedno sa vrednostima
laserske energije iskoriStene za pravljenje drugog modela koji daje finalne predikcije. U ni-
skotemperaturnoj plazmi, Daly i saradnici [134] su iskoristili VAE za modelovanje spektra
ICP plazmi, tako sto su konstruisali neuronsku mrezu koja je za unapred zadate parametere
plazme naucila latentnu reprezentaciju spektara, odakle su pomoéu dekodera rekonstruisali
nove spektre.

Vestacka inteligencija i masinsko ucenje Siroko su rasprostanjeni i u fizici fuzionih plazmi.
Piccione i saradnici [23] su iskoristili model slu¢ajne Sume i razli¢ite vrste neuronskih mre-
za kako bi proucavali MHD stabilnost tokamaka na bazi podataka dobijenoj merenjima na
NSTX tokamaku. Li i saradnici [24] su iskoristili fluidne modele u kombinaciji sa potpuno
povezanim neuronskim mrezama kako bi predvideli dominantne tip turbulencije kao i trans-
portne osobine. Sa druge strane, Fu i saradnici [135] su koristili slu¢ajnu $umu za predvidanje
modova cepanja (eng. tearnig modes) i disrupcija sa jako velikom ta¢noscéu. Sluc¢ajna Suma
je takode koristena i u modelima Brenzkea i saradnika [21] kako bi predvideli snagu depono-
vanu na divertor na ASDEX-U tokamaku. Takode, nedavno su Wei i saradnici [136] pokazali
da vestacka inteligencija moze uspeSno biti primenjena i na rekonstrukciju profila faktora
sigurnosti u tokamaku. Sto se tide varijacionog enkodera, on je iskoriSten u radu Ferreire
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i saradnika [137] kako bi detektovali anomalije u bolometarskoj tomografili i te anomalije
koristili kao perkurzore za disrupcije. Pored toga, Wei i njegovi saradnici [138] su iskoristili
VAE kako bi nasli oblasti stabilnosti tokamaka.

5.1 Opis eksperimenta

LHD predstavlja [ = 2, m = 10 heliotron sa superprovodnim kalemovima koji se nalazi u
Japanu, u Nacionalnom institutu za fuziona istrazivanja. Ovaj heliotron prilazan je na slici
36.

Slika 36: Heliotron LHD u Japanu. Levo je prikazan oblik plazme u masini, dok je desno prikazan
sam uredaj sa kriostatom. Slike su preuzete sa zvanicnog sajta NIFSa i javno su dostupne

Parametri LHDa dati su u tabeli 9.

Tabela 9: Parametri LHDa

Veliki radius 3.9 m
Manji radius 0.6 m
Zapremina plazme 30 m?
Jac¢ina magnetnog polja 3.6T
Ukupna snaga grejanja plazme 36 MW

Grejanje plazme ostvaruje se pomoc¢u 5 NBI (eng. Neutral Beam Injection) modula ukup-
ne snage 27 MW 1i instaliranih ECH (eng. Electron Cyclotron Heating) i ICRH (eng. Ion
Cyclotron Resonance Heating) Zirotrona. Za ECH antene mogu da isporuce 1.3 MW u kon-
tinualnom modu ili oko 2 MW u toku od 2 s. Antene od ICRHa daju 1.3 MW u toku 6 s u
opsegu frekvencija 25 do 100 MHz ili 0.8 MW kontinualno. LHD je opremljen raznim vrstama
dijagnostickih uredaja, a u ovom radu koristeni su sistemi za Thomson-ovo rasejanje, EUV
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spektrometar SOXMOS (Soft X-Ray Multichannel Spectrometer) kao i sistem za ubacivanje
Cestica TESPEL ( Tracer-Encapsulated Solid Pellet) i o ovim sistema ¢e biti re¢i u nastavku.

5.1.1 Thomson-ovo rasejanje

Heliotron LHD opremljen je sistemom za detekciju Thomson-ovog rasejanja koji se sastoji
od 4 Nd:YAG lasera (jedan Continuum DLS 9030 energije 1.6 J repeticije 30 Hz, dva Thales
SAGA 230-10 energije 2 J i repeticije 10 Hz i jedan Continuum NY-8050 energije 0.55 J i
repeticije 50 Hz), kolektorske optike i detektora. Ovaj sistem je prikazan na slici 37 i detaljno
opisan u radu [139].
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Slika 37: Shema Thomson-ovog rasejanja instalirana na LHDu.

Laserski zraci koji se vode iz dijagnosticke sobe dolaze do ogledala preko kojih se usme-
ravaju u plazmu duz glavnog radiusa u delu sa horizontalno izduzenom plazmom. Rasejani
zraci prolaze kroz prozor za posmatranje i kolimisu se preko zlatom prevucenog sfernog ogle-
dala na 144 fibera koji vode svetlosni signal do detektora. Maksimalna vremenska rezolucija
sistema je 10 ms. Opseg elektronskih temperatura koje sistem moze da meri je izmedu 5 eV
i 20 keV. Elektronske koncentracije koje sistem moze da meri su one iznad 10'® m=3.

5.1.2 Tracer-Encapsulated Solid Pellet (TESPEL) sistem za ubacivanje Cestica
u plazmu

Tracer-Encapsulated Solid Pellet (TESPEL) sistem za ubacivanje ¢estica na LHDu koji
se sastoji od tri sistema diferencijalnog pumpanja sa tri brzo zatvarajuca ventila prikazan je
na slici 38 i detaljno je opisan u radovima [140-142|. Ubrzanje se vrsi pomocu helijuma koji
se nalazi pod pritiskom od od 6 do 20 atmosfera. Portovi M1, M2 i M3 sluze za dijagnostiku
peleta, a ventili V1, V2 i V3 imaju prose¢no vreme zatvaranja od 5 ms Sto sprecava curenje
helijuma u LHD. Komora M1 se vakumira mehanickom pumpom, a komore M2 i M3 se
vakumiraju turbo molekularnim pumpama i pritisak koji se postize u komori M3 je reda
velicine 107 torr.
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Peleti se prave u tri oblika: sfera, hemisfera i cilindar. Sistem postize brzine peleta reda veli¢ine
200 ms~!. Primeéeno je u eksperimentima da najbolji oblik §to se ti¢e samog lansiranja bilo
laksih bilo tezih necistoca predstavlja hemisfera.

pellet disk

Slika 38: Shema TESPEL uredaja za ubacivanje necistoca u plazmu [140]. 100 peleta koji staju u
rotirajuct nosac se lansiraju kroz cev za ubrzavanje duZine 1 m koristeéi He pod pritiskom od 20
atmosfera.

Ovaj oblik peleta omogucava velike lansirne brzine za teze necistoce, dok istovremeno
omogucava sporije lansiranje laksih necisto¢a ako se eksperimentni rade na ivici plazme.
Takode, primeceno je da za pritiske veée od 16 atmosfera, brzina peleta na lansiranju posti-
ze saturaciju [140], stoga je ta vrednost izabrana kao optimalna vrednost pritiska helijuma
prilikom lansiranja.

5.1.3 Soft X-Ray Multichannel Spectrometer (SOXMOS) EUV spektrometar

Sistem se sastoji od VUV spektrometra sa velikim upadnim uglom (eng. grazing incidence
spectrometer) sa Rolandovim krugom radiusa 2 m, koji ima upadni ugao od 88° i prikazan
je na slici 39. Ovaj tip spektrometra je detaljno opisan u radu [143]. Kao disperzioni element
mogu se koristiti dve difrakcione resetke, jedna od 600 zareza po milimetru i druga od 133
zareza po milimetru. Rezolucija spektrometra se kre¢e od 0.01 nm za resetku od 600 zareza
po milimetru, dok je rezolucija 0.06 nm za resetku od 133 zareza po milimetru. Spektrometar
pokriva oblast talasnih duzina od 2 nm do 130 nm. Pre detektora, postoje dve multikanalne
ploce, posle kojih dolazi fosforni element koji emituje svetlost koja se vodi putem fiber op-
tickih kablova na detektor, koji je u ovom slu¢aju niz od 2048 fotodioda. Instrument u ovoj
konfiguraciji u svakom trenutku moze da posmatra dve oblasti talasnih duzina. Vremenska
rezolcija ovog spektrometra je 100 ms. Elektronska temperatura se donekle moze kontrolisati
spoljasnjim sistemima grejanja plazme (npr. ECH) te se tako mogu dobiti spektri volframa
za razliCite temperature elektrona. Tipican izgled spektra snimljen SOXMOS sistemom je
prikazan na slici 40.
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Slika 39: SOXMOS EUV spektrometar na LHDu. Levo je shema instrumenta, a desno je linija pogleda
koju 1ma instrument. Linija pogleda je jedna linija kroz ¢itav horizontalno izduZen deo plazme.
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Slika 40: Tipican izgled spektra volframa snimljenog SOXMOS spektrometrom. Vidi se i UTA struk-
tura spektra na 5 nm modelovana u ovom radu

5.2 Predpriprema podataka za obucavanje modela

Za potrebe ovog istrazivanja, koriSteni su spektri volframa u oblasti talasnih duzina iz-
medu 3 i 7 nm koji su snimljeni u prethodnim kampanjama radenim na LHD helitronu.
Analizirano je ukupno 133 praznjenja, od kojih kada se oduzmu neuspesna ubacivanja ne-
Cistoca u plazmu ostaje 99. Redni brojevi praznjenja koja su razmotrena u ovom radu su:
#181116 - 181198, #164695-164704, #151814-151847, #147567-147573. Od parametara pla-
zme koji su od interesa, u razmatranje je uzeta samo temperatura elektrona. To je zbog
toga Sto intenzitet spektralnih linija volframa jako slabo zavisi od gustine elektrona. To je
diskutovano i u radu [126], gde kako autori navode, emisivnost spektralne linije volframa u
prvom redu zavisi od temperature elektrona i od frakcione zastupljenosti posmatranog jona u
plazmi. Ono $to je takode interesantno, u istom radu je pokazano da su u akumulacionoj zoni
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zaravnjenja temperaturnog profila transportni procesi zanemarljivi. Naime, autori su pokazali
da kada se izraCunaju frakcione zastupljenosti jona volframa za slucaj bez transporta cestica
i sa transportom, nema vidiljive razlike u zastupljenosti. Stoga je dalje odluceno da jedini
parametar plazme od interesa u nasem slucaju bude elektronska temperatura plazme. Zbog
samog zaravnjavanja temperaturnog profila u jezgru plazme odakle dolazi emisija visokojo-
nizovanih atoma volframa (u ovom radu opaZena jonizaciona stanja od W) opravdano je
pretpostaviti da je emisija deSava na jednoj temperaturi elektrona, te ¢itav emitovani spektar
poistovetiti sa jednom temperaturom elektrona.

Vremenska zavisnost temperature elektrona uzeta je za svaki spektar iz rezultata dobijenih iz
Thomson-ovog rasejanja, a da bi izbegli da neke odudarajuée tacke signal je obraden Savitky
- Golay filterom 4 reda sa prozorom od 11 tacaka. Isti filter je takode koristen i na samom
EUV spektru kako bi minimalizovali Sum. Potom, kako bismo izbacili spektre koji sadrze
¢isti Sum, samo spektri ¢ija je srednja vrednost veé¢a od empirijski postavljene granice od
600 odbroja po kanalu su uzeti u razmatranje za kreiranje baze za obucavanje modela koja
je nakon prolaska kroz sve spektre brojala 1220 spektara. Takode, kako bi VAE §to bolje
predvidio oblik spektra, spektri su normalizovani sa SNV koja uklju¢uje oduzimanje sred-
nje vrednosti spektra od vrednosti svakog piksela, te deljenje te vrednosti sa standardnom

devijacijom spektra:
[s - [sr
I, = (129)

g

Gde je I,, nova vrednost spektra koja ulazi u bazu za obucavanje, I, je merena vrednost,
I, je srednja vrednost spektra a o predstavlja standardnu devijaciju spektra. Odudarajuci
podaci su uklonjeni koristenjem Isolation Forest algoritma i na kraju je baza za obucavanje
brojala 1125 spektara.
Od tog broja, proveravanjem je zaklju¢eno da je samo 120 spektara za koje je centralna elek-
tronska temperatura veca od 3 keV. Da bi izvrsili balansiranje baze za obucavanje, odradena
je augmentacija podataka. Augmentacija je radena pomocu 2D grid interpolacije algoritmom
najblizih suseda na sledeé¢i nacin. Prvo je izdvojen podskup od 15 razli¢itih spektara za prvih
15 elektronskih temperatura, izmedu kojih je interpolacijom dodato jos 100 spektara. Kako
je ovih podskupova bilo 8, to znaci da je augmentacijom podataka dodato 800 spektara, tako
da je finalna baza za obucavanje modela imala 1727 spektara za obucavanje. Kako bi obuca-
vanje iSlo bolje i kako bi se izbegle nestabilnosti alogritma za trening poput eksplodiraju¢ih
gradijenata, uradeno je skaliranje ulaznih podataka koriste¢i MinMax skaliranje, gde je:

1, = te = tmin (130)

Imax - [mln

5.3 Pravljenje modela

Nakon predpripreme podataka, zapoceto je sa pravljenjem radnih modela. Svi modeli
napravljeni su koristenjem biblioteka otvorenog koda keras i tensorflow [144]. Enkoder vari-
jacionog enkodera predstavlja potpuno povezanu neuronsku mrezu koja na ulazu ima 1024
jedinice, potom ima 5 skrivenih slojeva sa po 256, 128, 64, 16 i 8 neurona i na kraju, u
latentnom prostoru ima 3 neurona. Koristena aktivaciona funkcija u ulaznom kao i u svim
skrivenim slojevima je propustajuc¢i ReLU (eng. Leaky ReLU) sa konstantom « = 0.3. Pre
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latentnog sloja, ubacen je Dropout sloj koji sluzi da nasumi¢no izbaci neke veze izmedu ne-
urona dva sloja kako bi se izbeglo preprilagodavanje neuronske mreze. Dropout layer ima
faktor izbacivanja od 5 %. VAE koriSten u ovom radu prikazan je na slici 41.
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Slika 41: Arhitektura varijacionog autoenkodera koristenog u ovom radu

Dekoder je simetrican autoenkoderu, gde imamo latentni sloj, zatim 5 skrivenih slojeva
sa po 8, 16, 64, 128 i 256 neuroma i izlazni sloj od 1024 vrednosti $to ustvari predstavlja

rekonstruisani spektar. Aktivaciona funkcija svakog neurona bila je propustajuéi ReLU sa
koeficijentom a = 0.3.
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Slika 42: Arhitektura konvolucione neuronske mreZe za odredivanje temperature elektrona generisanog
spektra

Aktivaciona funkcija poslednjeg izlaznog sloja dekodera bila je sigmoid funkcija. Takode,
Dropout sloj je postavljen izmedu poslednjeg skrivenog sloja i izlaznog sloja dekodera sa fak-
torom izbacivanja od 5 %. Zbog jako malog uzorka na kome se model obucava, primenjene
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su jake mere protiv preprilagodavanja modela podacima. Na prvom mestu, koristene su [
i Iy regularizacije u svakom sloju enkodera pri ¢emu je koeficijent {; = 1074, dok je koefi-
cijent I, = 1075, Brzina ucenja 7 ostavljena je na vrednosti od n = 0.001. Takode, kao jos
jedna mera protiv preprilagodavanja modela implementirano je rano zaustavljanje treninga.
Obucavanje modela je zaustavljeno ako se funkcija gubitka modela ne poboljsava znacajno u
pet sukcesivnih epoha. Rekonstruktivni deo funkcije gubitka ovde je modelovan sa srednjim
kvardatnim odstupanjem, dok KL divergencija za pretpostavljeni oblik Gauss-ove raspodele
ima oblik:

1
Dk = —§<1 +log(a?) — p* — 0'2) (131)

Kako bi znali kojoj temperaturi elektrona odgovara generisani spektar volframa, obucena
je i jedna konvoluciona neuronska mreza. U sustini to je 1D konvoluciona neuronska mreza
prikazana na slici 42 koja na pocetku ima dva konvoluciona bloka sa 64 filtera. Veli¢ina
jezgra je bila 3, a stride parametar je jednak 2. Aktivaciona funkcija u oba sluc¢aja bila je
propustajuc¢a ReLLU funkcija sa a = 0.3. Nakon ovog bloka sledi jedan Batch Normalisation
sloj koji ima ulogu da spreci preprilagodavanje modela i ubrza obucavanje tako §to ulazne
tezinske faktore recentrira i reskalira. Nakon ovog sloja idu jo$ dva konvoluciona sloja sa
po 32 filtera, veli¢inom jezgra jednakom 3 i sa stride parametarom jednakim jedinici. Dalje,
jedan konvolucioni blok od dva konvoluciona sloja sa 16 filtera, istom veli¢inom jezgra i
stride parametrom jednakim 2. Posle trec¢eg konvolucionog bloka, MaxPooling je uraden i

a) VAE trening b)7 CNN trening
60 —— Trening podaci — Trening podaci
8 —— Test podaci gL 6 —— Test podaci
= 50 =
=5
.g Q
-
o 40 o4
2,301 =3
c c
T 10 21
0 5 10 15 20 25 30 0 10 20 30 40 50

Epoha Epoha

Slika 43: Rezultat obucavanja VAE (a) i CNN modela (b). VAE je postigao konvergenciju nakon 30
epoha, dok je CNN model konvergirao posle 50 epoha. Obucavanje je zaustavljeno od strane imple-
mentiranog ranog zaustavljanja,

izvrSeno je pretvaranje 2D niza u 1D niz koji je imao 240 neurona, odakle sledi jedan sloj sa
10 neurona i kona¢no izlazni sloj sa jednim neuronom. Aktivaciona funkcija za guste slojeve
je ReLU. Zbog malog uzorka i ovde su implementirane [; i [y regularizacije sa koeficijentima
[, =107% i ly, = 1079 i sa rano zaustavljanje gde je takode implementirano da se obucavanje
zaustavlja ukoliko nakon 5 epoha ne dode do znacajnog poboljsanja funkcije gubitka.

Optimizacija oba modela (VAE i CNN model) su radeni sa optimizatorom Adam, s tim $to
je brzina uc¢enja za CNN model bila n = 107%. Baza za obucavanje je podeljena na bazu
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za obucCavanje 1 bazu za testiranje u takvom omeru da je 80 % podataka iskoriSteno za
obucavanje, a 20 % podataka za testiranje i validaciju modela. Rezultati obu¢avanja modela
prikazani su na slici 43. VAE je postigao konvergenciju nakon 30 epoha, dok je CNN model
konvergirao posle 50 epoha, a prva naznaka da model nije izvrsio preprilagodavanje podacima
jeste da su funkcije gubitka za trening i test bazu podataka istog reda veli¢ine. Kako bi se
stekao uvid u performas varijacionog autoenkodera, na slici 44 (b) prikazan je latentni prostor
varijacionog enkodera i distribucija latentih varijabli (a).

spodela latentnih varijabli b)  Latentni prostor enkodera

R
50 = x| 50 % 40 - 7

a

35 6
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2 0 2 -4 2 0 2 2-10 1 2
Vrednost Vrednost Vrednost

Q) Mo¢ predvidanja CNN

Tep (keV)

3 a 5 6 7
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Slika 44: Raspodela latentnih varijabli (a), latentni prostor VAE (b) i predikciona moé konvolucione
mreZe (c). Primetno je da su tacke koje odgovaraju bliskim centralnim elektronskim temperaturama
bliske, te da je svaka latentna varijabla priblizno opisana normalnom raspodelom. Ovo je dobar znak
da je enkoder uspesno naucio reprezentaciju podataka te da je uspesno uradena redukcija dimenzio-
nalnosti ulaznih podataka. Predikciona moé konvolucione neuronske mreze je najbolja izmedu 1 keV
i & keV i tu je greska predvidanja od 15 % i manje.

Primetno je da su sve tri latentne varijable odgovaraju normalnoj raspodeli, $to je bio
i polazni cilj, stoga mozemo re¢i da je enkoder uspesno obavio posao. Takode, vidi se i da
postoji jo§ par prisutnih odudaraju¢ih tacaka u modelu, ali one ne kvare mnogo generalni
performans modela. Sa druge strane, vidimo da su tacke u latentnom prostoru koje odgovaraju
bliskoj centralnoj elektronskoj temperaturi, bliske i u latentnom prostoru. Stoga se moze
zakljuciti da je enkoder uspesno generalizovao fizicku sliku iza samog signala, $to dodatno
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daje na snazi ovom modelu. Finalni performas VAE modela, zajedno sa dekoderom testiran
je preko koeficijenta determinacije R? koji je iznosio 0.86 za finalni model, §to je sasvim
zadovoljavajuée za trenutne primene. Performas konvolucione neuronske mreze prikazan je
na slici 44 (c). Neuronska mreZa je optimizovana sa funkcijom gubitka srednje kvadratno
odstupanje i iznosila je 0.24 keV, a odredena je i srednja apsolutna greska odstupanja koja
je iznosila 0.2 keV. Koeficijent determinacije R? iznosio je 0.96 i ovi parametri govore da u
srednjem greska odredivanja elektronske temperature koja se pridruzuje generisanom spektru
iznosi manje od 15 %.

5.4 Rezultati

Kako bi proverili rad i predikcionu mo¢ kreiranog modela, model je primenjen na test
spektre i rezultat generacije modela za dve temperature prikazan je na slici 45.

Te = 2.1 keV Te = 3.21 keV
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Slika 45: Generacija test spektara za temperaturu elektrona od 2.08 keV i 3.21 keV. Spektar za 2 keV
je reprokuvan vrlo dobro i odlicno se slaZe sa eksperimentalnim spektrom, dok generisani spektar na
3.21 keV pokazuje spektralne linije na oko 6 nm koje nisu pristune u eksperimentalnom spektru, ali
je poklapanje zadovoljavajuce. Treéi grafik predstavlja odabrane tacke u latentnom prostoru za koje
su generisani spektri pomocu dekodera.

Vidimo da model jako dobro opisuje spektar volframa i UTA strukturu za temperaturu od
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2 keV na 5 nm nastalu od prelaza 4f - 4d i 4d - 4p W+ - W3t jona, te 4f - 4d prelaza W25+
- W28+, Kako se temperatura povecava, raste i emisija jona na oko 4.5 nm koji odgovaraju
jonima volframa W3 - W42*  dok se emisija na 5 nm smanjuje. Pikovi na oko 6 nm koji
inace odgovaraju emisijama sa nivoa 4d - 4p prelazima W29t do W34+ i W2+ - W2+ 4f - 4d
prelazima W2t - W28+ i 5d - 4f prelazima W2t - W?T 1 ovom slu¢aju nisu dobro opisani,
jer ih model predvida a ne pojavljuju se u spektru na ovoj temperaturi. Sledeéi korak bilo
je iskoristiti moguénost varijacionog enkodera da iz latentnog prostora generiSemo pomodcu
dekodera nove spektre za razlic¢ite temperature. U tu svrhu izabrano je 100 novih tacaka
kroz latentni prostor i za generisane spektre odredena je elektronska temperatura pomocu

konvolucione neuronske mreze.
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Slika 46: Generisani spektri volframa koristenjem dekodera za tacke iz latentnog prostora prikazane

na slici 45

Tacke u latentnom prostoru za koje su generisani spektri prikazane su na slici 45 a gene-

risani spektri prikazani su na slici 46.
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Slika 47: Korelaciona mapa za spektre generisane za tacke
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Vidi se sa slike da kako tempe-
ratura raste, tako nastaje i nagla
promena u izgledu spektra. UTA
struktura polako nestaje, a posta-
ju izraZenije spektralne linije koje
odgovaraju visokojonizovanim sta-
njima volframa na 4.5 nm, kao i pi-
kovi na 6 nm koji odgovaraju joni-
zacionim stanjima od 21+ do +34.
Da bi ovo dodatno potvrdili, za ove
generisane spektre uradena je ko-
relaciona mapa prikazana na slici
47. Korelaciona mapa nedvosmisle-
no ukazuje na to da prilikom po-
rasta temperature jasno dolazi i do



porasta emisije na talasnim duzina-
ma od 4.5 nm i 6 nm dok se emisija UTA strukture na oko 5 nm smanjuje. ObjaSnjenje ove
pojave jeste i ujedno i glavna slabost trenutnog modela, a to je pretpostavka jedne elektronske
temperature koja odgovara ¢itavom spektru. Naime, ova aproksimacija je dobra jer najcesce
postoji zaravnjenje profila elektronske temperature duz linije posmatranja spektrometra, pa
je i ova aproksimacija opravdana. Medutim, u slu¢ajevima kada je ova aproksimacija na-
rusena, desSava se da imamo emisiju spektralnih linija iz razli¢itih delova plazme duz linije
posmatranja koja se superponira u jedan spektar i model jedne elektronske temperature vi-
Se nije dobar model. Kako bismo ovo ilustrovali, posmatra¢emo tri praznjenja razmatrana
prilikom obucavanja ovog modela. Parametri ovih praznjenja prikazani su na slici 48.
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Slika 48: Parametri plazme za praznjenja #181126 i #181198. Na prvom panelu oba grafika prika-
zana je aktivnost spoljasnjeg grejanja plazme. Na drugom panelu prikazane su centralna elektronska
1 jonska temperatura. Treci panel prikazuje linijsku gustinu elektrona dobijenu iz Thomsonovog rase-
janja a cetvrti panel prikazuje bolometarska merenja zracenja iz plazme.

Vremenski trenutak ubacivanja peleta u plazmu lako je prepoznati kao pik u bolometar-
skom merenju. Temperaturni profili koji odgovaraju ovim praznjenjima prikazani su na slici
49 gore za neka vremena od interesa, a spektri koji su povezani sa njima na slici 49 dole.
Primecuje se na slici 49 iznad da su u dva slucaja profili elektronske temperature ravni, te
je pretpostavka modela opravdana, medutim na treéem panelu, u slu¢aju praznjenja broj
#181198 vidimo da imamo pik u profilu elektronske temperature. Pik se javlja usled paljenja
ECH grejanja velike snage u tom trenutku, stoga je primetna i nagla promena spektra prika-
zana na slici 49 dole na tre¢em panelu. Promena nastaje usled postojanja prostorne raspodele
elektronske temperature, te pretpostavka modela vise ne vazi i nije moguce poistovetiti ¢itav
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emitovani spektar sa jednom temperaturom elektrona. Kao poslednji test modela, generi-
sani su spektri za praznjenje #112880 koristeno u ranijim studijama koje model nije video
prilikom obucavanja i testiranja. Parametri praznjenja prikazani su na slici 50 a), a profili
temperature elektrona prikazani su na slici 50 b). Generisani su spektri za dve elektronske
temperature, od 1.5 keV i od 0.9 keV i uporedeni su sa eksperimentalno merenim.
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Slika 49: Temperaturni profili koji odgovaraju praznjenjima prikazanim na slici 48. Primeéujemo da
je za dva analizirana praznjenja prisutno zaravnjenje profila u jezgru plazme, dok je na trecem panelu

primetan veliki pik profila temperature zbog aktivnog ECH grejanja te nagla promena odgovarajucéeg
emitovanog spektra u odnosu na druga dva analizirana praznjenja.
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PraZnjenje #112880
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Slika 50: Parametri plazme za praznjenje # 112880 kao i odgovarajuci profili elektronske temperature.
Vidi se da je prisutno zaravnjenje profila, stoga je opravdana pretpostavka modela

Rezultati ovog poredenja prikazani su na slici 51. Vidimo da se model i eksperimentalni
spektar odli¢no slazu, te da se ovaj model moze koristiti za generisanje spektra volframa ali
samo u sluc¢ajevima kada nastupi akumulacija necistoca i dode do zaravnjenja profila tem-
perature elektrona. Model je dobro opisao sve karakteristike spektra u ovoj oblasti talasnih
duzina, od UTA strukture na 5 nm, preko pojave spektralnih linija na 4.5 nm i 6 nm usled
povecanja temperature ili usled odstupanja od aproksimacije uc¢injene prilikom pravljenja mo-
dela. Drugi modeli razvijani za istu primenu, uglavnom koliziono radijativni modeli [126,128],
nisu bili u potpunosti uspesni prilikom opisivanja c¢itavog spektra. Jos jedna prednost ovog
modela jeste Sto je ekstremno brz, te nam omogucava generisanje vise stotina spektara u
svega nekoliko sekundi.
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PraZnjenje #112880, Te = 1.5 keV Prainjenje #112880, Te = 0.9 keV
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Slika 51: Generisani spektri volframa za temperature elektrona od 0.9 keV (a) i 1.5 keV (b). Slaganje
sa eksperimentalnim merenjima je jako dobro.

6 Zakljucak

Tema ove doktorske disertacije je primena vestacke inteligencije i maSinskog ucenja u
spektroskopiji niskotemperaturnih i visokotemperaturnih plazmi. Razmotreni su i analizirani
razli¢iti tipovi plazmi: laserski indukovane plazme, fuzione plazme itd. Prvi deo doktorske
disertacije bavi se primenom masinskog ucenja za odredivanje Stakovih polusirina emitovanih
spektralnih linija u UV, opti¢kom i infracrvenom delu elektromagnetnog spektra. U ovom de-
lu disertacije, uspesno je demonstrirana upotreba masinskog ucenja za predikcije Stark-ovog
Sirenja spektralne linije, kao i predikcije regularnosti Stark-ovog efekta duz spektralnih serija
i duz izoelektronskog niza. Napravljena je baza za obucavanje modela uspeSnim spajanjem
dve javno dostupne baze podataka NIST i Stark B. Na kraju, kreirana baza za obucavanje
je sadrzala oko 53235 upisanih atomskih prelaza za koje je pri unapred zaradim uslovima
izratunata Stark-ova polusirina na osnovu semiklasi¢ne perturbativne teorije (SCP). Posle
kreiranja, iz baze su izbac¢eni odudarajuci podaci kao oni za koje je energija gornjeg nivoa
manja od energije donjeg nivoa, a dodatno nisu razmatrani uslovi plazme gde gustina elek-
trona prelazi 107 cm™ i gde temperatura elektrona nije veéa od 150 000 K. Zbog fizicke
prirode ulaznih atributa i razlic¢itih redova veli¢ine, vrednost atributa je skalirana tako da
svaki atribut uzima vrednost izmedu 0 i 1 putem algoritma standardnog skaliranja. Baza za
obucavanje imala je 15 ulaznih atributa na osnovu ¢ijih vrednosti je predvidana jedna ciljna
varijabla. Probana su tri modela: stablo odluc¢ivanja, slu¢ajna Suma i gradijentno pojac¢ano
stablo odluc¢ivanja. Za sva tri modela, upotrebom Grid Search CV algoritma pronadeni su
parametri modela pri kojima daje najbolje predikcije. Najbolji rezultat postigla je sluc¢ajna
Suma koja je imala koeficijent determinacije R? od 0.97 ostvaren na predikcijama na bazi za
testiranje modela. Ovo je predstavljao dovoljan dokaz da model se nije preprilagodio poda-
cima i da se moze dalje koristiti u analizi Stark-ovog Sirenja spektralnih linija.

Prva analiza koja je u sklopu ove disertacije jeste proucavanje regularnosti Stark-ovog efekta.
Testirane su regularnosti duz spektralnih serija neutralnog litijuma, kao i regularnosti duz
izoelektronskog niza litijuma. Bitan rezultat postignut u ovom radu je da je model pokazao
saturacioni efekat pri odredivanju polusirine linije za prelaze sa visokim kvantnim brojem, sto
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raniji modeli koji su se bavili predvidanjem regularnosti Stark-ovog efekta nisu predvideli.
Ovo je dobra naznaka da je model naucio fizicku sliku iza Debyevog ekraniranja emitera,
Sto je dosta bolje nego da su rezultati ukazivali na konstantan porast Sirine spektralne linije.
Dodatni dokaz za ovu tvrdnju jeste da se efekat saturacije javlja ranije za vece elektron-
ske gustine, sto je takode u skladu sa teorijskim predvidanjima, jer Debye-ev radius opada
sa porastom gustine elektrona. Pored regularnosti duz spektralnih serija, posmatrana je i
regularnost duz izoelektronskog niza litijuma i rezultati su uporedeni sa eksperimentalnim
rezultatima Blagojevi¢a i saradnika. Pokazano je da model moze uspesno da previdi i ovu
vrstu regularnosti, $to predstavlja dodatnu potvrdu da je model uspesno opisao ranije uoc¢ene
regularnosti Stark-ovog efekta. Konac¢no, rezultati predikcije mdoela uporedeni su eksperi-
mentalnim rezultatima iz radova Konjevica i saradnika. Dobijeni rezultati sugerisu na to da
model daje bolje rezultate u vidljivoj oblasti spektra, dok u UV oblasti tezi da podceni polusi-
rinu linije skoro za faktor 2. Jos jedan od zakljucaka iz analize poredenja sa eksperimentalnim
rezultatima jeste da model tezi veé¢im vrednostma Stark-ovih polusirina spektralne linije nego
Sto je ona eksperimentalno izmerena. Prosecna greska koju model pravi odredenja procenjena
poredenjem eksperimentalnih i prediktovanih rezultata je izmedu 25 i 30 %.

Na kraju, analize uradene u ovoj tezi sugeriSu da masinsko ucenje moze biti iskoristeno u
modelovanju Sirenja spektralnih linija usled Stark-ovog efekta. Znacaj ovog rezultata ogleda
se u tome Sto model razvijen u ovoj tezi omogucava da se za jednostavan unos od 15 ulaznih
parametara dobije procena Stark-ove poluSirine jako brzo sa ta¢no$éu od oko 30 %, $to pred-
stavlja jako dobru kvalitativnu procenu upotrebljivosti emitovane spektralne linije u svrhu
dijagnostike plazme. Takode, bitno je napomenuti da je model jako dobro generalizovao fizic-
ku sliku iza Stark-ovog Sirenja spektralnih linija, na nacin da je uspesno predvideo oc¢ekivane
regularnosti duz spektrlanih serija i izoelektronskog niza, $to je unapredenje u odnosu na
formulu koju je predlozio Puri¢ u radu [64], gde ne postoje univerzalni fit parametri koji bi
vazili za svaki emiter.

Drugi deo ove doktorske disertacije bavi se primenom masinskog ucenja u kvanitativnoj
analizi odredivanja koncentracija glavnih konstituenata meta od ¢elika metodom spektrosko-
pije laserski indukovanog proboja. U sklopu ove disertacije pokazano je barem kvalitativno
da postoji mogucénost koristenja prethodno snimljene baze podataka dobijene u jednoj labo-
ratoriji koja je snimljena pod jasno definisanim i precizno kontrolisanim eksperimentalnim
uslovima, a koja bi bila koristena za obucavanje modela koji bi posle bio koristen za predik-
ciju nepoznatih uzoraka snimljenih u drugoj laboratoriji. Bitno je napomenuti da je vaznost
ove analize u tome sto dovoljan broj standardnih uzoraka nije dostupan u svim laboratorija-
ma. U cilju ispitivanja polazne pretpostavke, snimljeni su test spektri razli¢itih standardnih
uzoraka celika pri istim uslovima i sa istom aparaturom kao i u originalnoj bazi za obuca-
vanje. Nd:YAG laserki impuls koji radi na osnovnom harmoniku, trajanja impulsa od 6 ns i
energije 95 mJ bio soc¢ivom je fokusiran tako da diametar spota na meti bude priblizno 0.2
mm. Spektar je snimljen koristenjem Mechelle 5000 spektrometra i iCCD kamere, a radeno
je u vazduhu. Ovime su uspesno ponovljeni svi uslovi pri kojima je snimana originalna baza
za obucavanje.

Kao predpriprema podataka koristen je MinMax algoritam skaliranja podataka, a pro-
cena vaznosti ulaznih atributa radena je na osnovu Gini-jevog kriterijuma. Takode, ovo je
prvi put da je ovaj nacin koristen za selekciju atributa za regresioni problem, jer je do sada
uglavnom bio koriSen za klasifikacione probleme. Obucena su Cetiri modela sluc¢ajne Sume da
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bi se procenila vaznost atributa za svaki element ponaosob (Cr, Ni, Mo i Mn). Posle toga,
najbolje rezultate redukcije dimenzionlanosti dala je empirijski odredena granica od 2 x 10~
kao granica iznad koje su svi bitni atributi. Tako je ulazna dimenzionalnost od 40002 talasne
duzine, sniZena na svega par stotina atributa Sto dosta olakSava obucavanje modela, a bez
da su zrvtovane najbitnije informacije. Za konacne predikcije koncentracije glavnih konsti-
tuenata celika obucena su dva modela, slu¢ajna Suma i potpuno povezana neuronska mreza.
Broj stabala odlucivanja u svakoj slu¢ajnoj sumi bio je 350, dok dubina svakog drveta nije
bila ograni¢ena. Arhitektura neuronske mreze koja je koristena imala je 3 sakrivena sloja sa
100, 150 i 50 neurona. Neuronska mreza se u ovom slucaju pokazala kao bolji izbor modela,
jer je za sva Cetiri elementa od interesa imala koeficijent determinacije R* ve¢i od 0.9 i nizi
RMSE od modela slu¢ajne Sume.

Kona¢no u tre¢em delu ove doktorske disertacije, uspesno je demonstrirana mogucénost
primene vestacke inteligencije za generisanje emitovanog spektra volframa u EUV oblasti
spektra, u opsegu talasnih duzina od 4 do 7 nm. Necistoée su unoSene u plazmu pomocu
TESPEL sistema za ubacivanje necistoca, a spektar se snimao pomoc¢u EUV spektrometra
sa velikim upadnim uglom koji je postavljen u Paschenovoj konfiguraciji, gde je kao detektor
koristen niz fotodioda. Temperatura elektrona ovom radu merena je Thomson-ovim raseja-
njem, kao jedini relevantnan parametar plazme za intenzitet emitovanih spektralnih linija.
Uradena je predpriprema podataka kako bi ulazni podaci bili pogodni za obuc¢avanje neu-
ronskih mreza. Podaci su normalizovani koristenjem SNV normalizacije kako bi svi spektri
imali istu srednju vrednost i standardnu devijaciju, $to je pogodno za ucenje oblika spek-
tra i skalirani koristenjem MinMax algoritma skaliranja gde su vrednosti atributa dovedene
izmedu 01 1, $to je pogodno za obucavanje modela. Kako bi se smanjio Sum u eksperimen-
talno merenom signalu, podaci su filtrirani pomocéu Savitzky - Golay filtera cetvtog reda sa
prozorom od jedanaest tacaka. Nakon predpripreme podataka, podaci su podeljeni u odnosu
80 % - 20 % za obucavanje i testiranje modela. Napravljena su i obu¢ena dva modela, jedan
model je sluzio za generisanje spektra a drugi za odredivanje elektronske temperature koja
odgovara ovom generisanom spektru. Kljuéna pretpostavka ovog modela jeste da se emisija
desava efektivno na jednoj temperaturi elektrona, a opravdanje ove pretpostavke predstavlja
¢injenica da prilikom ulaska nec¢isto¢a u plazmu dolazi do zaravnjivanja profila temperature
elektrona. Model obucen za generisanje spektra bio je varijacioni autoenkoder, gde je arhi-
tektura enkodera i dekodera takva da imaju po 5 skrivenih slojeva sa po 256, 128, 64, 16
i 8 neurona. Ulazni i izlani sloj autoenkodera imaju po 1024 neurona, dok latentni prostor
autoenkodera ima tri tacke. Zbog malog broja podataka za obucavanje, primenje su mere
protiv preprilagodavanja, a one su bile [ i [5 regularizacija i rano zaustavljanje obucavanja.
Dokazano je da latentne varijable prate normalnu raspodelu i da su tacke koje odgovaraju
slicnim temperaturama elektrona bliske u latentnom prostoru. Ovo je dobar dokaz da se en-
koder nije preprilagodio podacima, te da je uspesno naucio reprezentaciju podataka i dobro
uradio smanjenje dimenzionalnosti ulaznih podataka. Da model nije izvrsio preprilagodavanje
ukazuje i to da su funkcije greske za trening i test faze jako bliske, kao i to da je koeficijent
determinacije R? na test podacima 0.86. Konvoluciona neuronska mreza koja je obucena za
odredivanje temperature elektrona na osnovu ulaznog spektra volframa imala je takvu arhi-
tekturu da se sastojala od tri konvoluciona bloka sa po dva konvoluciona sloja, dva Batch
Normalisation sloja izmedu svakog konvolucionog bloka i dva agregaciona sloja. Na kraju,
iza konvolucionog bloka imala je tri potpuno povezana sloja sa 240, 10 i jednim izlaznim
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neuronom. I za konvolucionu mrezu, zbog sprecavanja preprilagodavanja, uradena je [y i lo
regularizacija kao i rano zaustavljanje. Model je postigao koeficijent determinacije od R? —
0.96 sa srednjim kvadradnim odstupanjem od 0.24 keV.

Obuceni modeli primenjeni su na generisanje spektra volframa, tako $to je u latentnom
prostoru enkodera nasumic¢no izabrano 100 tacaka za koje je pomoc¢u dekodera generisan
spektar. Dobijeni rezultati ukazuju na to da je na nizim temperaturama plazme (ispod 3
keV) dominantna UTA struktura na 5 nm koja poti¢e od emisije jona W+ - W3+ | W25+ _
W28+ Porastom temperature, ova struktura polako nestaje, a pojavljuju se spektralne linije
emtovane na oko 4.5 nm koje poticu od jona W3 - W4t i na 6 nm koje poticu od 4d -
4p prelaza W2+ - W3+ § W23+ - W2+ te od 4f - 4d prelaza W23+ - W2+ | 5d - 4f prelaza
W2 - W2t Primecena je nagla promena oblika spektra volframa sa porastom temperature,
a objasnjena je trenutnom slaboséu modela i aproksimacije jedne elektronske temperature.
Naime, u sluc¢aju visih elektronskih temperatura, primecen je pik profila temperature umesto
tipi¢nog zaravnjenja profila usled paljenja jakog ECH grejanja nakon ubacivanja peleta, pa
se zapravo dobija efekat emisije spektralnih linija iz delova plazme sa razli¢itim elektronskim
temperaturama koje se superponiraju i mere integralno. Na kraju, kao finalni test, generi-
sani su spektri za praznjenje koje nije ukljuc¢eno u pravljenje baze za obucavanje i trening
radi potvrde validnosti modela. Model je dao dobra slaganja za dve odabrane elektronske
temeprature od 1.5 keV 1 0.9 keV. Iz toga se moze zakljuciti da trenutni model predstavlja
dobar alat za dalju generaciju spektra i uvecanje baze za obucavanje zbog primene na dalje
istrazivanje. Glavna prednost varijacionog enkodera jeste sto je pravilno naucio fizicku sliku
procesa koji se odvijaju u plazmi i pored toga jako je kompjuterski efikasan, u smislu da
mozemo generisati nekoliko stotina spektara za nekoliko sekundi. Poredenja radi, trenutni
CR modeli koje razvijaju kolege iz Japana rade tri nedelje ra¢un samo jednog spektra jer
moraju da uzmu u obzir jako veliki broj prelaza te raspodelu broja jonskih emitera u plazmi,
kao i komplekse konfiguracione inerakcije izmedu razli¢itih emitera.

Kao unapredenje i dalje istrazivanje, u sklopu prvog dela doktorske disertacije moguce je
progiriti model tako da opisuje i plazme koje imaju veéu gustinu elektorna od 10'7 cm™ i
temperaturu elektrona iznad 150 000 K. To bi u predvidanje modela ukljucilo i razlicite pla-
zme koje se javljaju u svemiru, i relevantne su za astrofiziku. Kao finalni prakti¢ni proizvod
ovog rada bila bi internet aplikacija za brzo ra¢unanje Stark-ove poluSirine za unete atomske
i plazmene parametre.

Sto se tice unapredenja koja se mogu uraditi u drugom delu disertacije kako bi ova procedura
dobila na znacaju i na dodatnoj preciznost, jeste da se prvo uradi kalibracija po osetljivosti.
Ona u slucaju originalne baze nije uradena kako bi se dodatno otezalo takmicarima koji su
ucestvovali. Pored toga, iako se uzorci snimaju sa istim instrumentom i pod istim eksperimen-
talnim uslovima, bilo bi potrebno i pozeljno izvrsiti i transfer kalibracije sa jednog uredaja
na drugi. Naime, iako su to suStinski isti intrumenti, stanje komponentni u instrumentu kao
i optike ne mora biti nuzno isto, tako da su i drugaciji rezultati neminovni. U ovom radu,
ovaj trnasfer nije bilo moguce uraditi jer u laboratoriji nije postojao nijedan isti uzorak kao
onaj iz baze za obucavanje. Zbog toga bi uz ovako kvalitetne baze podaka trebalo dati i jedan
standardni uzorak koji je lako dostupan svima kako bi druga laboratorija, odnosno ekspe-
rimentator ili korisnik, bio u moguénosti da izvrsi transfer kalibracije na svoj instrument.
Takode, ovaj rad podrazumeva i dostupnost iste opreme u obe laboratorije, Sto jako cesto
nije slucaj, tako da bi mnogo ozbiljnija primena vestacke inteligencije podrazumevala i neku
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vrstu standradizacije u pogledu eksperimentalnih procedura. Druga procedura koja je done-
kle ispitana, a mogla bi da ponudi alternativu transferu kalibracije, predstavlja mogucénosti
primene metoda tzv. prenosa ucenja (eng. transfer learning). Ovde se jedan dobro istreni-
rani model na nekoj velikoj bazi kao Sto je ona koristena u ovom radu, retrenira na manjoj
bazi za obucavanje kako bi se prilagodio novom instrumentu i malo korigovao pretrenirane
parametre.

Dalje istrazivanje u sklopu treceg dela teze predstavlja poboljSanje trenutnog modela tako
da za ulazne parametre ima i profile elektronske temperature i gustine elektrona, kako bi se
kasnije mogli izucavati i predvidati i neki atomski i transportni procesi u plazmi. Pored toga,
uklju¢ivanjem gore pomenutih profila omoguéio bi se i precizan i dobar test za izucavanje
mehanizama uspostavljanja i prevencije akumulacije necisto¢a u plazmi. Pored ovoga, bilo bi
dobro i ispitati druge delove EUV spektra volframa i videti da li se u tim oblastima mogu
naci neke korisne dijagnosticke linije.
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N3JABA O AYTOPCTBY
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N3jaBmbyjem

N3jaBpyjeM f1a je JOKTOpPCKA AucepTaLyja rof HacaoBoM [IpriMeHa MalllMHCKOT yuera U BelluTauke
VIHTeJ/IUTeHLIUje y CIIeKTPOCKOIUjY Il1a3me
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* [1a Cy pe3y/ITaTh KOPEeKTHO HaBeJleH! U

* la HUCaM KpILIMO ayTOpCKa NpaBa ¥ KOPUCTUO UHTeJIeKTYaHy CBOjUHY APYTHX JIML[a.
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